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ABSTRACT 

92-0 7 
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A comprehensive c o l l e c t i o n  of data i s  g iven  f o r  eva lua t ing  

methods t o  c a l c u l a t e  t h e  nuc lea r - r ad ia t ion  energy-deposi t ion 

rates and the  r e s u l t a n t  temperature d i s t r i b u t i o n s  i n  l i q u i d  

hydrogen i n  a p res su r i zed  tank. 

Nuclear measurements provide data t o  determine h e a t i n g  

g r a d i e n t s  i n  the l i q u i d  hydrogen and t o  determine the cont r ibu-  

t i o n s  of neutron i n t e r a c t i o n s  and gamma i n t e r a c t i o n s  t o  the 

t o t a l  hea t ing  rates. Boil-off and s e l f - p r e s s u r i z a t i o n  measure- 

ments determined the  t o t a l  heat i n p u t  i n t o  t h e  cryogenic  sys tem 

Temperature d i s t r i b u t i o n s  i n  the  l i q u i d  hydrogen were moni- 

t o r e d  under v a r i a b l e  f low condi t ions:  p r e s s u r i z a t i o n ,  f l ow rate, 

h e a t i n g  g rad ien t ,  and heat input ,  No a n a l y s i s  of the  r e s u l t a n t  

tempera ture  d i s t r i b u t i o n s  i n  t he  hydrogen was performed. Back- 

ground informat ion  and accuracy of t he  data r e q u i r e d  t o  perform 

and e v a l u a t e  a n  a n a l y s i s  have been provided. 

The r e s u l t s  of nuc lea r  analyses made dur ing  t h e  s tudy  with 

the C-17 s h i e l d  p e n e t r a t i o n  code and with t h e  COHORT Monte Carlo 

procedures  compare favorably  with t h e  measured nuc lea r - r ad ia t ion  

d i s t r i b u t i o n s  and energy-deposit i on  rates , d- 
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FOREWORD 

The r e p o r t  of a n  i n v e s t i g a t i o n  i n t o  n u c l e a r - r a d i a t i o n  hea t ing  

of l i q u i d  hydrogen has been divided i n t o  two volumes. A descr ip-  

t i o n  of t he  experimental  equipment and procedures  and a d i s c u s s i o n  

of t h e  r e s u l t s  a r e  contained i n  t h i s  volume, Volume I. The experi-  

mental data have been compiled i n  Volume 11. The i n v e s t i g a t i o n s  

were performed under Contract NAS 3-3324 a t  t h e  Nuclear Aerospace 

Research F a c i l i t y  (NAFU?), General Dynamics/Fort Worth. 

was sponsored by the  Nat iona l  Aeronautics and Space Agency and 

was d i r e c t e d  by the Lewis  Research Center. 
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t i o n  and i n  i n t e r p r e t i n g  t h e  data and H. G. Carter and J. J. 

Long of t h e  Nuclear Shie ld ing  Group a t  NAFU? f o r  performing the  

n u c l e a r - r a d i a t i o n  wal l -heat ing and COHORT ana lyses .  
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1. INTRODUCTION 

The use  of l i q u i d  hydrogen as t h e  p r o p e l l a n t  f o r  n u c l e a r  

rocke t  engines  has posed s e v e r a l  vehicle-system design unce r t a in -  

t ies .  Among these i s  the  unce r t a in ty  of t h e  e f f e c t s  of heat 

g e n e r a t i o n  i n  t h e  p r o p e l l a n t  due t o  n u c l e a r - r a d i a t i o n  abso rp t ion  

wi th  consequent e f f e c t s  on t ank-p res su r i za t ion  requirements,  

on f l u i d  cond i t ions  as t h e  p rope l l an t  i s  de l ive red  t o  t h e  turbopump, 

and on t h e  p r o p e l l a n t  loss due t o  bo i l -o f f .  Seve ra l  c a l c u l a t i o n a l  

methods are  i n  u s e  t o  p r e d i c t  nuc lea r - r ad ia t ion  energy d e p o s i t i o n  

rates and the  r e s u l t i n g  e f f e c t s ;  however, these p r e d i c t i o n s  are  

complicated by u n c e r t a i n t i e s  i n  the  nuclear-energy abso rp t ion  

r a t e s ,  and t h e  mixing behavior of l i q u i d  hydrogen i n  a p r o p e l l a n t  

tank. 

An experiment, sponsored by Lewis Research Center (LRC), 

was designed t o  provide  information on t h e  above u n c e r t a i n t i e s  

by (1) measuring t h e  nuc lear - rad ia t ion  d i s t r i b u t i o n s  i n  l i q u i d  

hydrogen, ( 2 )  determining heat-generat ion r a t e s  under va r ious  

system p r e s s u r e s  and l i q u i d  volumes, and (3)  measuring tempera- 

t u r e  d i s t r i b u t i o n s  (degree of mixing o r  s t r a t i f i c a t i o n )  wi th  

combined thermal leakage and nuclear  h e a t i n g  i n  t he  l i q u i d  hydrogen. 

The Aerospace Systems T e s t  Reactor (ASTR) was used as t h e  

r a d i a t i o n  source t o  induce nuclear  h e a t i n g  i n  a l25-gal t a n k  of 

l i q u i d  hydrogen. The hydrogen tank and nuc lea r - r ad ia t ion  i n t e n -  

s i t i e s  were sca l ed  t o  ob ta in  use fu l  magnitudes of hea t ing .  

The t e s t s  performed included: 

Measurement of nuc lea r  heat gene ra t ion  i n  t he  t ank  
walls. 

1 



. Mapping of r a d i a t i o n  i n t e n s i t i e s  in t h e  Lank, ~,~i. th’anci 

. Measurement of s e l f  - p r e s s u r i z a t i o n  r a t e s  a n d  tempera- 

t without LH2. 

tu re  d i s t r i b u t i o n  P o r  var ious  volumes of LH2, w i t h  !and 
without nuc lea r  hea t ing .  

. Measurement of Ifquid vapor i za t ion  r a t e s  a s  a f u n c t i o n  
0; Lank cGiii;ent, wi th  and without  nuc lea r  heabing. 

. Measurement of temperature d i s t r i b u t i o n s  as  a f u n c t i o n  
of time w i t h  var ious  l i q u i d  out-flow r a t e s ,  hea t ing  
r a t e s ,  and p r e s s u r i z a t i o n s .  

The above tes ts  were performed w i t h  each of two d i f f e r e n t  nuc lear -  

heat-deposi t ion g rad ien t s ,  obtained by a l t e r i n g  the  r e l a t i v e  

magnitude of t h e  neutron and gamma-ray source i n t e n s i t i e s .  

I n  add i t ion  t o  making the  above measurements, c a l c u l a t i o n s  

of t h e  nuc lea r - r ad ia t ion  d i s t r i b u t i o n s  and hea t  depos i t i on  i n  

the  l i q u i d  hydrogen and tank wall were made and compared w i t h  

t h e  experimental  data. Other secondary r e s u l t s  of t h e  expe r i -  

ment were the  experience gained i n  t h e  -opera t ion  of temperature 

senso r s  i n  nuc lea r - r ad ia t ion  f i e l d s ,  r a d i a t i o n  d e t e c t o r s  i n  LH2, 

and cryogenic systems i n  the  v i c i n i t y  of n u c l e a r  r e a c t o r s .  

A b r i e f  d e s c r i p t i o n  of t h e  experimental  s e tup  and i n s t r u -  

mentation i s  presented i n  Sec t ion  2; d e t a i l e d  d e s c r i p t i o n s  may 

be found i n  Appendices A and B. 

i n  performing the  var ious  t e s t s  a r e  given i n  Sec t ion  3 t o  a i d  

The gene ra l  procedures followed 

i n  t h e  i n t e r p r e t a t i o n  of t h e  t e s t s  and u t i l i z a t i o n  of t h e  r e s u l t a n t  

data 

The r e s u l t s  and d i scuss ions  of t h e  t e s t s  and c a l c u l a t i o n s  

a r e  presented i n  Sec t ion  4. C a l c u l a t i o n a l  methods and assumptions 

used i n  the nuc lear  ana lyses  a r e  g iven  i n  Appendix C .  The ex- 

perimental  data a r e  presented i n  g r a p h i c a l  and t a b u l a r  form i n  

Volume Iie 
2 



2. EXPERIMENTAL SETUP AND INSTRUMENTATION, 

The experimental  hardware and in s t rumen ta t ion  are d iscussed  

only b r i e f l y  here,  a more d e t a i l e d  d e s c r i p t i o n  w i t h  o p e r a t i o n a l  

d e t a i l s  being given i n  Appendices A and B. 

2.1 Experimental  Geometry and Hardware 

The experimental  arrangement was des igned  t o  s imula te  the  

r a d i a t i o n  source and liquid-hydrogen p rope l l an t - t ank  geometry 

of a t y p i c a l  nuclear-rocket-system design.  The ASTR was u t i l i z e d  

as t h e  source of nuc lear  r a d i a t i o n ,  and a l25-gal  l iquid-hydrogen 

tank  served as a scaled-down p rope l l an t  tank,  The hydrogen tank  

was centered  i n  a v e r t i c a l  pos i t i on  over t h e  r a d i a t i o n  source.  

The LH2 tank was c y l i n d r i c a l  w i t h  a c o n i c a l  bottom, 

of t h e  c y l i n d e r  was 32 i n , ,  and t h e  ha l f - ang le  of the c o n i c a l  

bottom was 45'. 

The diameter  

A ske t ch  of the  experimental  arrangement i s  shown i n  F igure  

2.1-1, A l i n e r  tank, f a s t e n e d  between two I-beams spanning t h e  

w a t e r - f i l l e d  ASTR p i t ,  provided a d r y  volume above t h e  r e a c t o r  

i n  which t h e  LH2 tank, o r  dewar, was pos i t ioned .  

of t h e  l i n e r  tank was shaped t o  f i t  t h e  curved s u r f a c e  of t h e  

The battom 

r e a c t o r  v e s s e l  s o  that the  r e a c t o r  could be raised i n t o  p o s i t i o n  

snugly under the  l i n e r  tank ,  With t h e  r e a c t o r  i n  t h i s  p o s i t i o n ,  

only about  1/4 i n ,  of water  separated t h e  r e a c t o r  p re s su re  v e s s e l  

and the l i n e r  tank ,  T h i s  geometry was c a l l e d  Conf igura t ion  1. 

The r e a c t o r  p re s su re  v e s s e l  was lowered 4 i n .  f o r  the  second 

experimental  geometry, Configuration 2. These experimental  con- 

f i g u r a t i o n s  are i l l u s t r a t e d  i n  Figure 2,1-2. 

3 
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The two conf igu ra t ions  made a v a i l a b l e  two d i f f e r e n t  neutron-  

to-gamma ratios and, consequently,  two d i f f e r e n t  nuc lea r  h e a t i n g  

p r o f i l e s  i n  t he  l i q u i d  hydrogen. Changing t h e  neutron-to-gamma 

r a t i o  changes t h e  nuc lea r  hea t ing  p r o f i l e s  by v i r t u e  of t h e  r a t h e r  

l a r g e  d i f f e rence  i n  a t t e n u a t i o n  f a c t o r s  of neut rons  and gamma 

rays  i n  l i qu id  hydrogen. Neutron a t t e n u a t i o n  i s  much higher .  

Thus, i n  the h ighe r  neutron-to-gamma r a t i o  conf igu ra t ion ,  more 

of t h e  nuclear  energy i s  deposi ted i n  t he  lower po r t ion  of t he  

hydrogen tank because the  neutron f l u x  decreases  r a p i d l y  i n  t h e  

l i q u i d  hydrogen, I n  t he  lower neutron-to-gamma r a t i o  conf igu ra t ion  

(Configurat ion 2 )  

f rom gamma rays,  t h e  energy depos i t i on  i s  more evenly d i s t r i b u t e d  

i n  t h e  tank because gamma a t t e n u a t i o n  i n  l i q u i d  hydrogen i s  r e l a -  

t i v e l y  low, 

where t h e  energy d e p o s i t i o n  r e s u l t s  p r imar i ly  

Nuclear-radiat ion s h i e l d i n g  i n  t h e  form of a s t e e l  slab 

and a t a n k  o f  water  was pos i t ioned  on t h e  I-beams above the  l i n e r  

t ank  and hydrogen tank,  T h i s  was necessary t o  reduce the  radia- 

t i o n  leakage t o  a t o l e r a b l e  l e v e l  i n  the  surrounding a r e a s .  

z 0 2  Cryogenic System 

The cryogenic system, a s  d e f i n e  d , i nc ludes  t h e  hydrogen 

t ank  and a l l  the  a s s o c i a t e d  plumbing. A b r i e f  d e s c r i p t i o n  of 

t h e  hydrogen tank i s  given i n  t he  preceding s e c t i o n ,  and a more 

d e t a i l e d  d e s c r i p t i o n  i s  given i n  Appendix A (Sec t ion  A - 2 . 1 ) ,  

The assoc ia ted  plumbing i n c l u d e s  the  c o n t r o l s  and a u x i l i a r y  

systems necessary t o  perform the  va r ious  types  of t e s t  r u n s e  

Figure 2.2-1 i s  a schematic i n d i c a t i n g  t h e  ma jo r  components of 

t h e  system, A s  i nd ica t ed  i n  t h e  f i g u r e ,  t h e  plumbing can be 

divided i n t o  t h r e e  s e c t i o n s :  the  gas l i n e ,  t h e  l i q u i d  l i n e ,  

and t h e  vent l i n e ,  
6 
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The gas- l ine system c o n t r o l l e d  t h e  e n t i r e  system p res su re  

and measured t h e  amount of gas e n t e r i n g  o r  l eav ing  the  system, 

dependingupon t h e  type of run,  The remotely c o n t r o l l e d  r e l i e f  

valve regulated t h e  maximum system pressure .  I n  the  t es t  runs  

dur ing  which the  l i q u i d  hydrogen was dra ined  from t h e  tank, t h e  

a d d i t i o n  o f  gas was requi red  t o  maintain the  des i r ed  p res su re  

i n  the tank,  Hydrogen-gas b o t t l e s  manifolded toge the r  served 

as the pressur iza t ion-gas  supply, and r e g u l a t o r s  s e t  a t  t h e  

d e s i r e d  dewar p re s su re  r egu la t ed  the  gas flow from t h e  gas supply,  

The amount and r a t e  of  p ressur iza t ion-gas  usage was measured by 

a gas meter (FM-3)’in the  l i n e ,  

The other gas meter (FM-1) was used t o  measure t h e  b o i l - o f f ,  

o r  vaporized gas, from t h e  bulk l i q u i d  hydrogen i n  t h e  tank. 

The two heat exchangers, o r  gas hea te r s ,  preceding t h i s  flowmeter 

warmed t h e  cold gas t o  prevent  damage t o  the  flowmeter, 

Flow i n  t h e  l i q u i d  l i n e  was regula ted  by the remotely con- 

t r o l l e d  valve i n  the  l i n e ,  The opening of t h i s  valve could be 

va r i ed  t o  a l low d i f f e r e n t  l iquid-hydrogen f low rates from t h e  

tank  w i t h  a given p res su re  head, 

The hand va lves  i n  the  l i q u i d  l i n e  and  i n  the  s h o r t  fill 

l i n e  t o  t h e  hydrogen-supply t r a i l e r  d i r e c t e d  the  hydrogen flow 

dur ing  dewar- f i l l ing  and -emptying ope ra t ions .  

B o t h  t he  gas l i n e  and the l i q u i d  l i n e  emptied i n t o  the  vent  

l i n e ,  As the dewar was emptied, t h e  l i q u i d  hydrogen was poured 

d i r e c t l y  i n t o  t he  vent  l i n e ,  The l i q u i d  hydrogen was vaporized 

before  i t  reached the  gas- turb ine  flowmeter (FM-2) i n  the  l i n e ,  

The turb ine  flowmeter was used t o  monitor, n o t  measure, t he  l i q u i d  

flow from the  tank,  The vent l i n e  terminated i n  a 30-ft-high 

a 
~ 



s t a c k  t h r m g h  which the  hydrogen was vented t o  the  atmosphere, 

2.3 Ins t rumenta t ion  

2.3.1 Temperature Measurements 

Two temperature-measuring systems were u t i l i z e d  i n  t h e  t e s t s :  

one f o r  t h e  cryogenic temperature range and one f o r  t h e  ambient 

temperature range. The cryogenic-temperature-measuring system 

was composed of 30 platinum r e s i s t a n c e  thermometers w i t h  a p p r o p r i a t e  

readout  and  record ing  devices ,  The p o s i t i o n s  of t hese  30 t h e r -  

mometers and 10 ca rbon- re s i s to r  l i q u i d - l e v e l  i n d i c a t o r s  a r e  shown 

g r a p h i c a l l y  i n  Figure 2.3-1 and tabula ted  i n  T a b l e  2*3-l. 

Most of t h e  thermometers were placed a l o n g  t h e  tank cen te r -  

l i n e  t o  monitor temperatures  i n  the l i q u i d  hydrogen as a func t ion  

of he igh t  i n  t he  tank.  Three sensors  were pos i t ioned  very near 

t h e  e x i t  p o r t  i n  the  bottom of t h e  tank  t o  make c e r t a i n  t h a t  

v a l i d  e x i t  temperatures  of  t he  l i q u i d  hydrogen were obtained 

dur ing  t h e  l iqu id- f low t e s t s .  Thermometers were a l s o  c l u s t e r e d  

a t  1 - i n .  spacings nea r  t he  f u l l - t a n k  l e v e l .  These were t o  

determine t h e  degree of s t r a t i f i c a t i o n  dur ing  s e l f - p r e s s u r i z a t i o n  

~ 

t e s t s  and t o  determine t h e  degree of s t r a t i f i c a t i o n  p r i o r  t o  

s ta r t  of a flow run. 
~ 

The thermometers on the  two radial  arms were to determine 

changes i n  temperature from t h e  tank c e n t e r  t o  t h e  tank w a l l  and 

t o  determine the  th ickness  of warmed-hydrogen laminar  f low a long  

t h e  tank  w a l l .  

The output  of each thermometer was recorded about  every 18.5 

seconds. Of t he  30 thermometer outputs ,  t e n  were connected t o  a 

pa tch  panel  through which any fou r  could be connected t o  s t r i p -  

9 
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Table 2.3-1 

Thermometer and Liquid-Level-Sensor Locations 

Thermometer 

Numb e r 

20 
19 
18 
17 
16 
15 
14 
13 
12 

11 

10 

9 
26 
27 
28 
29 
30 
8 
7 
21 
22 

25 
6 

5 
4 
3 
2 
1 

22 2 

Liquid 
Level 
Sensor 

10 

9 

8 

7 
6 

5 
4 

3 

2 

1 

V e r t i c a l  
Heighta 

( i n . )  

51 69 
47 69 
47 . 02 
45 69 
44 69 
44 . 13 
43 69 
42.69 
42.69 
41 . 69 
40.69 
39.44 
39.25 
35 78 
35 44 

28.82 

26.19 
26.19 
26.19 
26.19 
26.19 
25-32 
21. 4 
15 . 44 
14 . 19 
14 . 19 
14 . 19 
14.19 
14 . 19 
11.44 
10.44 

32.30 
31. 4 
27 . 44 

7.44 
3.94 
1.13 
0.69 
0.07 
0.07 

R a d i a l  Distance 
From Cente r l ine  

( i n . )  

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0*5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
12.0 
14.0 
15.0 
15.5 
16.0 
0.5 
0.5 
0.5 
12.0 
14.0 
15.0 
15.5 
16.0 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

Volume 
Below Sensor 

( g a l )  

-_ 
132 5 
130.1 
125.5 
122.0 
120.3 
118.5 
115.0 
115.0 
111.5 
108.5 
104.8 
103.7 
91.5 
89.6 
79.4 
76.1 
67.2 
62.2 

58.0 
58.0 
58.0 
58.0 
58.0 
55.0 
41.5 
21 -4 
17.7 
17.7 
17.7 
17.7 
17 .7 
10.5 
8.2 
3.7 
0.83 

- 0  
-0 
-0 
Y O  

aFrom i n s i d e  bottom of tank. 

11 



1‘ 
27“ 

V P C  20,706 

The r’n o c m p  1 e s 



c h a r t  r e c o r d e r s  f o r  continuous recordlng. 

The ambient-temperature-measuring system was used t o  

determine t h e  nuclear-energy depos i t ion  r a t e s  i n  the  walls of 

t h e  empty dewar by measuring the  temperature r i s e  of t h e  walls 

dur ing  i r r a d i a t i o n .  Ten i ron-constantan thermocouples were 

used f o r  making these  measurements. Five of the thermocouples 

were permanent ly  a t t ached  t o  the o u t e r  dewar wall, and f i v e  

were i n s t a l l e d  i n s i d e  t h e  dewar on a p o s i t i o n i n g  r i g ,  The 

p o s i t i o n s  of t hese  thermocouples are shown i n  Figure 2.3-2. 

2.3.2 Pressure Measurements 

The pressure  i n  the  liquid-hydrogen tank was monitored 

by use of a p res su re  t r ansduce r  and v i s u a l  gages,  The v i s u a l  

gages served as backup devices ,  and the  readings  from t h e  

p re s su re  t ransducer  were used as the recorded experimental  

data. The accuracy of t h e  pressure measurements was +8$ of 

t h e  measurement. 

2.3.3 Nuclear-Radiation Measurements 

The gamma-ray dose was measured by t h e  use  of c o b a l t - g l a s s  

dosimeters .  These were chosen because of t h e i r  small s i z e  and 

a d a p t a b i l i t y  t o  t he  cryogenic environment, Each p iece  of glass 

was placed i n  a small box made of boron-10 and epoxy f o r  pro- 

t e c t i o n  a g a i n s t  slow-neutron e f f e c t s  i n  the  readings  of t he  

dos imeters .  

The neut ron- f lux  d i s t r i b u t i o n s  were measured w i t h  r ad io -  

a c t i v a n t s .  Gold f o i l s  were used as t h e  thermal o r  subcadmium 

(< 0.48 e v )  neutron-f lux detectors,  and s u l f u r ,  magnesium, and 

aluminum were used as fas t -neut ron  d e t e c t o r s .  Copper wire  was 

13 



a l s o  used t o  map thermal-neutron p r o f i l e s  i n  the  l i q u i d  hydrogen. 

The f a s t -neu t ron  d e t e c t o r s  were of t h e  threshold  r e a c t i o n  type,  

where t h e  e f f e c t i v e  th re sho lds  f o r  s u l f u r ,  magnesium, and 

aluminum a r e  2.9, 7.5, and 8.1 M e V ,  r e s p e c t i v e l y .  The fast-  

neutron d e t e c t o r s  were a l l  0.75 i n ,  i n  diameter,-and the g o l d  

f o i l s  were 0,444 i n ,  i n  diameter.  

Figure 2.3-3 shows t h e  l o c a t i o n s  of t h e  neutron and gamma 

d e t e c t o r s  i n  and around t h e  tank  f o r  each of t h e  r e a c t o r  runs ;  

only the  x,y-plane p o s i t i o n s  a r e  shown, t h e  x,z-plane p o s i t i o n  

d i s t a n c e s  be ing  i d e n t i c a l .  Gamma and a l l  types  of neutron 

d e t e c t o r s  were used a t  the  tank bottom and a l s o  a t  1.4, 8*4, 
and 20.4 i n .  f r o m  the  bottom a long  the  t ank  c e n t e r l i n e .  All 

r a d i a t i o n  d e t e c t o r s  were a l s o  used a t  e a c h - p o s i t i o n  on the  

o u t s i d e  wall of t h e  LH2 tank. 

and coba l t -g l a s s  gamma dosimeters  were pos i t ioned  a t  a l l  o t h e r  

l o c a t i o n s ,  Copper wires  t o  provide thermal-neutron maps were 

placed along t h e  tank c e n t e r l i n e  and a long  each of t he  f o i l -  

holding radial arms a t  21.4 and 33.4 i n .  f r o m  the  tank  bottom, 

The s u l f u r  p e l l e t s  and coba l t  glass provided adequate maps of 

Only s u l f u r  neutron d e t e c t o r s  

the f a s t -neu t ron  and gamma-ray d i s t r i b u t i o n s ,  r e s p e c t i v e l y ,  i n  

t he  tank,  

The r a d i a t i o n  d e t e c t o r s  were packeted between aluminum 

sc reen  wire and a t t a c h e d  t o  the  f o i l  suppor t  s tand  w i t h  s t e e l  

wire.  The f o i l  support  s t a n d  was f a b r i c a t e d  of small-diameter 

s t a i n l e s s - s t e e l  r o d s ,  

14 
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3. EXPERIMENTAL PROCEDURES 

There were b a s i c a l l y  f i v e  d i f f e r e n t  types  of tests o r  

t e s t  runs  requi red  t o  make the  des i r ed  measurements. These 

were as follows: 

1. 

2 .  

3.  

4. 
I; 
J .  

The 

d i r e c t l y  

Nuclear - rad ia t ion  mapping 

Tank-wall nuc lea r  heat ing 

Liquid vapor i za t ion  

Tank s e l f - p r e s s u r i z a t i o n  

L i q u i d  f l G W  frm tank 

f i r s t  f o u r  types  of runs were e i t h e r  d i r e c t l y  a r  i n -  

concerned w i t h  t h e  determinat ion of t h e  nuc lear -  

energy depos i t i on  i n  the l i q u i d  hydrogen. The last  type w a s  

concerned w i t h  t he  temperature d i s t r i b u t i o n s  i n  the  l i q u i d  

hydrogen r e s u l t i n g  from the  depos i t ion  of n u c l e a r  energy as 

a f u n c t i o n  of time, l i q u i d  out-flow r a t e s ,  hea t ing  r a t e s ,  

p r e s s u r i z a t i o n ,  and hea t ing  g rad ien t s .  

I n  planning the  ind iv idua l  t e s t  runs  of t he  experiment, run 

numbers and data o b j e c t i v e s  were ass igned  t o  each run .  During 

t h e  experiment, i t  became necessary t o  r e p e a t  some of t h e  runs  

because a l l  data o b j e c t i v e s  o r  planned parameters were not  met 

on t h e  o r i g i n a l  run. Therefore,  t o  d i s t i n g u i s h  t h e  run and i t s  

r epea t ,  t h e  r e a c t o r  run number was added t o  each. 

A d e s c r i p t i v e  review of Test R m s 1  through 7 and o b j e c t i v e s  

i s  as fo l lows :  

Run 1. A s e r i e s  of t e s t s  on the  cryogenic  system and i n s t r u -  
mentation us ing  b o t h  l i q u i d  n i t r o g e n  and l i q u i d  hydrogen 

Run 2. Measurement of nuc lea r  hea t ing  of  t h e  dewar, Configura- 
t i o n  1 



Run 3, Measurement of nuc lea r  h e a t i n g  of t he  dewar, Configura- 
t i on  2 

Run 4, Nuclear r a d i a t i o n  mapping w i t h  t h e  dewar empty, 
Configuration 1 

Run 50 Nuclear r a d i a t i o n  mapping w i t h  t h e  dewar empty, 
Configuration 2 

Run 6, Nuclear r a d i a t i o n  mapping w i t h  t h e  dewar f u l l ,  
Configuration 1 

Run 7. Nuclear r a d i a t i o n  mapping w i t h  t h e  dewar f u l l ,  
Configuration 2 

Runs 8 through l3 .were  concerned w i t h  vapor i za t ion  and  s e l f -  

p r e s s u r i z a t i o n  measurements f o r  d i f f e r e n t  experimental  

conf igura t ions  and l i q u i d  l e v e l s  i n  t h e  tank. The parameters 

f o r  each r u n  were : 

Run 8. Tank f u l l  and no r e a c t o r  power 
(measurement of ambient h e a t  l eak)  

Run 9 Tank h a l f - f u l l  and no r e a c t o r  power 

Run 10. Tank f u l l ,  Configurat ion 1 

Run 1L Tank h a l f - f u l l ,  Configurat ion 1 

Run 12 Tank f u l l ,  Configurat ion 2 

Run l=J4 Tank h a l f  - f a ,  Configurat ion 2 

Runs 14 through 23 were concerned w i t h  measurement of t h e  

temperature d i s t r i b u t i o n  i n  t h e  hydrogen tank  as the  l i q u i d  

was flowed from the  tank w i t h  d i f f e r e n t  combinations of t h e  

v a r i a b l e  parameters The paramet r ic  cond i t ions  f o r  each run 

were: 

- Run Conf ig ,  Flow Rate P r e s s u r i z a t i o n  Power (Mw) 
Approx Reactor 

14 1 .04 lb/sec 30 p s i a  
1 .04 lb/sec 60 p s i a  

16 1 .12 lb/sec 60 p s i a  
15 
17 1 .12 lb/sec 60 p s i a  



Approx Reac tor  
Run Config. Flow Rate P r e s s u r i z a t i o n  P owe r ( rm ) - 
18 1 .04 lb/sec 30 p s i a  
19 2 .04 lb/sec 30 p s i a  
20 2 .04 lb/sec 60 psia 
21 2 .12 lb/sec 60 p s i a  
22 2 .12 lb/sec 60 p s i a  
23 2 .12 lb/sec 30 p s i a  

0.5 
1.0 
2.0 
1.5 
6,o 
2.0 

A gene ra l  d e s c r i p t i o n  of t h e  procedures  f o r  each type of 

run f o l l o w s .  

3 , l  Nuclea --Radiation Mapping (Runs 4-7) 

There were f o u r  r a d i a t i o n  mapping runs.  The r a d i a t i o n  d i s -  

t r i b u t i o n  i n  and around the tank w a s  measured bo th  w i t h  t h e  

t ank  empty and w i t h  the tank  f u l l  of l i q u i d  hydrogen f o r  each of 

t he  two r e a c t o r  conf igura t ions .  Both neut ron  and gamma measure- 

ments were obtained on each r e a c t o r  run. 

P r i o r  t o  t h e  experiment, t h e  r a d i a t i o n  d e t e c t o r s  were placed 

on p o s i t i o n i n g  r ig s  and t a p e s  for each of t h e  f o u r  runs.  For  the  

r a d i a t i o n  measurements i n s i d e  t h e  tank, t h e  d e t e c t o r s  were 

f a s t e n e d  onto t h e  s t a i n l e s s - s t e e l  f o i l - s u p p o r t  s tand .  For  t h e  

measurements on the  ou t s ide  w a l l  of t h e  tank, t h e  d e t e c t o r s  were 

he ld  i n  p o s i t i o n  on a c l o t h  tape. 

P r i o r  t o  each radiation-mapping run, a f o i l - s u p p o r t  s t and  

w i t h  t h e  a t t ached  r a d i a t i o n  d e t e c t o r s  was pos i t ioned  i n  t h e  

tank, and t h e  proper  t apes  conta in ing  r a d i a t i o n  d e t e c t o r s  were 

pos i t i oned  on t h e  ou t s ide  w a l l  o f  the  tank  by means of c l o t h e s -  

l i n e - t y p e  c a b l e s  running t o  the  bottom of t h e  tank. The dewar  

l i d  and r a d i a t i o n  s h i e l d i n g  were then  rep laced ,  and t h e  r e a c t o r  

was raised i n t o  the  proper pos i t ion .  

For  the  two radiation-mapping runs  w i t h  t h e  tank  f u l l  of 



hydrogen, t h e  t ank  was f i l l e d  t o  about  45 i n .  

ten carbon-res i s tor  l i q u i d - l e v e l  i n d i c a t o r s  were f a s t e n e d  to 

I n  addi t ion ,  

t h e  f o i l  suppor t  t o  monitor the  hydrogen l e v e l ,  

The r e a c t o r  run time f o r  each of t h e  f o u r  mapping runs  was 

30 minutes, A t  the  end of each run, t h e  r e a c t o r  was lowered 

and t h e  r a d i a t i o n  s h i e l d i n g  was removed t o  a l low a c c e s s  t o  t h e  

detectors, ,  I n  t h e  two runs w i t h  the  hydrogen-f i l led  tank,  t he  

hydrogen was dra ined  from t h e  tank  be fo re  removal of t h e  s h i e l d -  

i n g ,  A r a the r  lengthy  system warm-up and purge procedure 

fol lowed be fo re  r e t r i e v a l  of t h e  d e t e c t o r s  from i n s i d e  the  tank ,  

3.2 Tank-Wall Nuclear Heating (Runs 2 and 3 )  

The nuc lea r  energy depos i t i on  and t h e  r e s u l t a n t  hea t ing  of 

t h e  inne r  dewar w a l l  was a major c o n t r i b u t o r  t o  t h e  t o t a l  hea t  

i n p u t  i n t o  t h e  system, To determine t h e  n e t  nuc lea r  hea t ing  i n  

t h e  l i q u i d  hydrogen, t h e  heat c o n t r i b u t i o n  from the  dewar w a l l  had 

t o  be determined and subt rac ted  from t h e  t o t a l  heat i n p u t  i n t o  

t h e  system, The rates of temperature r i s e  were measured a t  

f i v e  l o c a t i o n s  on t h e  i n s i d e  of t h e  t ank  and a t  f i v e  p o i n t s  on 

t h e  ou t s ide  of the  tank  f o r  each of t h e  two exper imenta l  con- 

f i g u r a t i o n s ,  The i n s t a l l a t i o n  of t h e  thermocoupleson t h e  dewar  

walls was checked be fo re  these runs  were s ta r ted .  

The r a d i a t i o n  s h i e l d i n g  was a g a i n  replaced,  and t h e  r e a c t o r  

was ra i sed  t o  t h e  c o r r e c t  p o s i t i o n ,  The thermocouple-readout 

r eco rde r s  were s tar ted,  and t h e  r e a c t o r  was brought t o  power on 

a 7.5-sec per iod ,  The r e a c t o r  was h e l d  a t  power f o r  I 5  min 

and then  scrammed and immediately lowered, Recording of t h e  

temperatures  continued f o r  about  45 min a f t e r  t h e  r e a c t o r  scram 
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t o  determine t h e  s lope  of t h e  hea t - loss  curve.  

3.3 Vaporizat ion and Self  -P res su r i za t ion  (Runs 8-13) 

Both t h e  vapor i za t ion  and s e l f - p r e s s u r i z a t i o n  runs were 

made t o  measure t h e  bulk heat i n p u t  i n t o  t h e  l i qu id  hydrogen. 

These runs  were made without  r e a c t o r  power t o  determine t h e  

nonnuclear  heat i n p u t s  i n t o  the  system and w i t h  r e a c t o r  power 

f o r  each of t h e  two experimental c o n f i g u r a t i o n s  t o  determine 

t h e  n u c l e a r  heat i npu t  f o r  each conf igu ra t ion .  The measurements 

were made w i t h  va r ious  l e v e l s  of l i q u i d  hydrogen i n  t h e  tank  

t o  determine t h e  h e a t i n g  rates a s  a f u n c t i o n  of l i q u i d  l e v e l .  

The platinum r e s i s t a n c e  thermometers were i n s t a l l e d  i n  

t h e  tank  before  t h e  start  of t h i s  ser ies  of runs, and the  

l iquid-hydrogen temperatures  were monitored a t  i n t e r v a l s  du r ing  

t h e  runs.  Af te r  the  dewar  was f i l l e d  and s u f f i c i e n t  time allowed 

f o r  cool-down of t h e  system, the ra te  of l i q u i d  vapor i za t ion ,  

o r  bo i l -o f f ,  was measured by the ra te  of gas flow through t h e  

flowmeter. The heat i n p u t  i n t o  the  system could be c a l c u l a t e d  

from t h i s  gas flow. The gas-flow rate was monitored f o r  a 

minimum of 10 min and then  t h e  dewar system was valved shu t  t o  

s t a r t  t h e  p r e s s u r i z a t i o n  por t ion  of t h e  run. P r e s s u r i z a t i o n  was 

u s u a l l y  allowed t o  cont inue u n t i l  t he  tank  p res su re  approached 

about  45 p s i a .  Again, t h e  heat  i npu t  could be c a l c u l a t e d  from t h e  

p r e s s u r e  r i s e  i n  the  dewar  and the  accompanying temperature  r ise  

of t h e  l i q u i d  hydrogen. I n  the  runs  w i t h  the r e a c t o r  a t  power, 

t h e  power l e v e l  was u s u a l l y  not  changed a t  t h e  end of t he  b o i l -  

o f f  measurement and t h e  s t a r t  of s e l f - p r e s s u r i z a t i o n .  

I n  p r a c t i c e ,  t he  b o i l - o f f  runs were n o t  always followed by 
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s e l f - p r e s s u r i z a t i o n  runs.  

ments were made a t  more l i q u i d  l e v e l s  than  were s e l f - p r e s s u r i z a -  

t i o n  measurements and because f a i l u r e  of flowmeter ope ra t ion  

T h i s  was because bo i l -o f f  measure- 

required that bo i l -o f f  measurements be re.peated s e v e r a l  times. 

During t h e  vapor i za t ion  and s e l f - p r e s s u r i z a t i o n  runs,  

attemptis were made t o  determine what f r a c t i o n  of the  energy 

deposi ted by nuc lea r  r a d i a t i o n  i n  l i q u i d  hydrogen i s  s t o r e d  

temporar i ly  by the  d i s a s s o c i a t i o n  and e x c i t a t i o n  of H2 molecules.  

T h i s  was p r imar i ly  done by observing the bo i l -o f f  and self-  

p r e s s u r i z a t i o n  rates a f t e r  the  r e a c t o r  was scrammed, 

p r inc ip l e ,  t h e  bo i l -o f f  and p r e s s u r i z a t i o n  rates immedia te ly  

a f t e r  r e a c t o r  shutdown are p ropor t iona l  t o  t h e  ambient h e a t  

leak i n t o  t h e  system p l u s  the  hea t  produced by energy r e l e a s e  

of t h e  s torage  mechanisms, Thus, t h e  d i f f e r e n c e  i n  b o i l - o f f  

and p r e s s u r i z a t i o n  measurements made be fo re  r e a c t o r  s ta r tup  

I n  

- 

and those made immediately a f t e r  r e a c t o r  shutdown can be a t -  

t r i b u t e d  t o  energy-storage mechanismso 

3.4 Liquid Flow from Tank (Runs 14-23) 

T h i s  s e r i e s  of runs  was concerned w i t h  measurement of t h e  

temperature d i s t r i b u t i o n s  i n  t h e  l i q u i d  hydrogen f o r  d i f f e r e n t  

combinations of f o u r  parameters: (1) t h e  r a t e  of l iquid-hydrogen 

flow f r o m  the  tank, ( 2 )  the  rate of h e a t  i n p u t  ( r e a c t o r  power), 

( 3 )  the hea t ing  g r a d i e n t  (experimental  c o n f i g u r a t i o n ) ,  and ( 4 )  

t h e  amount of tank p r e s s u r i z a t i o n ,  O f  p a r t i c u l a r  i n t e r e s t  was 

t h e  e f f e c t  of these parameters on the  e x i t  temperature  of t he  

l i q u i d  hydrogen and t h e  degree of mixing o r  s t r a t i f i c a t i o n  of 

t h e  warmed hydrogen i n  the  tank,  
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The r e a c t o r  power l e v e l s  were s e l e c t e d  t o  give t h e  d e s i r e d  

temperature i n c r e a s e s  i n  the  l i qu id  hydrogen dur ing  a run and 

y e t  prevent  b o i l i n g  of t he  l i qu id  a t  the  given tank  p r e s s u r i z a t i o n ,  

The p res su re  i n  the  tank  was held a t  e i t h e r  30 o r  60 p s i a  du r ing  

these  runs. .  Hydrogen gas was used i n  a l l  but  two runs  as the  

p r e s s u r i z a t i o n  gas; mixtures  of hydrogen and helium were used 

i n  these  two. It was des i r ed  t o  maintain the  l iquid-hydrogen 

f l o w  from t h e  tank a t  e i t h e r  0.04 o r  0.12 lb/sec.  

p rev ious ly  descr ibed experimental conf igu ra t ions  provided the  

choice of two hea t ing  g rad ien t s .  

The two 

The 

fo l lows  : 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8 .  

9. 
The 

sequence of events  f o r  one of t hese  flow runs  was as 

The dewar was f i l l e d  w i t h  LH2 t o  a l e v e l  of 115 
t o  120 gal ,  

The p r e s s u r i z a t i o n  gas regulators were checked 
and s e t  t o  supply the  proper pressure .  

The r e a c t o r  was r a i s e d  t o  t h e  des i r ed  experimental  
p o s i t  ion , 

A l l  ins t rumenta t ion  recorders  were turned on. 

The r e a c t o r  was s t a r t e d  t o  power, and p r e s s u r i z a -  
t i o n  of t h e  tank was started. 

A s  t h e  r e a c t o r  reached f u l l  power, t h e  l i q u i d  f low 
valve was opened and flow was s t a r t e d .  

When the  l i q u i d  l e v e l  reached l e v e l  i n d i c a t o r  1 
or thermometers 1 and 2, t h e  r e a c t o r  was scrammed. 

The p r e s s u r i z a t i o n  gas was shut o f f ,  and the  l i q u i d  
flow valve was closed.  

The data r eco rde r s  were turned o f f .  

procedure i n  br inging  t h e  r e a c t o r  t o  power involved two 

s t e p s ,  First, t h e  r e a c t o r  was brough t o  one thousandth of the  
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d e s i r e d  power on a long  (approximately 30-see) per iod.  Then, 

a 7.5-sec per iod  was used i n  proceeding t o  t h e  d e s i r e d  power. 

Thus, s l i g h t l y  l e s s  than  one minute was required on t h e  last 

l eg  t o  increase the  r e a c t o r  power by a f a c t o r  of 1000. 

During some of t he  e a r l y  f low runs,  i t  was d iscovered  t h a t  

b o i l i n g  d i d  take place i n  t h e  hydrogen j u s t  p r i o r  t o  t h e  emptying 

of t h e  tank, Consequently, t h e  planned r e a c t o r  powers were 

decreased f o r  l a t e r  runs,  and t ank  p r e s s u r i z a t i o n  was delayed 

u n t i l  a f te r  the r e a c t o r  had reached one thousandth of f u l l  

power f o r  t h e  p a r t i c u l a r i  run. 



4. RESULTS AND DISCUSSIONS 

A summary of t h e  data obtarined and the  cond i t ions  of each 

experimental  run i s  given i n  Tables 4.0-1 and 4.0-2. I n  Table 

4.0-1, a s p e c i a l  numbering system was requi red  t o  des igna te  t h e  

s e r i e s  of runs  under Run 10. Typical data and r e s u l t s  f r o m  t h e  

va r ious  types  of t es t  runs and c a l c u l a t i o n s  are i l l u s t r a t e d  and 

d iscussed  i n  t h e  fo l lowing  sec t ions .  The experimental  data from 

Runs 8 through 23 a r e  presented i n  t a b u l a r  and g r a p h i c a l  form 

i n  Volume I1 of t h i s  r e p o r t .  

4.1 Nuclear-Radiation Mapping Data 

The nuc lea r - r ad ia t ion  d i s t r i b u t i o n s  i n s i d e  t h e  f i l l e d  tank  

a r e  of primary i n t e r e s t  and a r e  d iscussed  i n  some d e t a i l .  Not 

only were t h e  hea t ing  g r a d i e n t s  determined from these  d i s t r i b u -  

t i o n s ,  but  t he  data a l s o  served as  a s t a r t i n g  po in t  f o r  c a l c u l a t -  

i n g  the  nuc lea r  energy deposited i n  t h e  l i q u i d  hydrogen. I n  

t h e  fo l lowing  d iscuss ions ,  measurements made i n s i d e  t h e  f u l l  

(-45 i n . )  hydrogen tank  a r e  compared w i t h  r e s u l t s  from c a l c u l a -  

t i o n s  made w i t h  t h e  C-17 sh ie ld -pene t r a t ion  code (Ref. 1). 

The n u c l e a r  data appear  i n  graphica l  form throughout t h e  t e x t  

and i n  t a b u l a r  form a t  the  end of  Sec t ion  4 (Tables  4.1-1 through 

4.1-8). 

t i o n s  are presented i n  Appendix C. Data obtained from measure- 

The methods and assumptions used i n  t he  C-17 c a l c u l a -  

ments made w i t h  t h e  tank empty a r e  t abu la t ed  i n  Tables  4.1-5 

and 4.1-7 a t  the  end of t h i s  sec t ion .  

4.1.1 Cen te r l ine  D i s t r i b u t i o n s  

4.1.1.1 Neutron Flux 

Both measured and ca lcu la ted  f a s t -neu t ron  f l u x e s  a long  
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t h e  v e r t i c a l  c e n t e r l i n e  of  t h e  tank a r e  shown i n  Figure 4.1-1 

f o r  Configurat ion 1. Fluxes above 2.9 and 8.1 Mev a r e  shown 

t o  a l low comparison of t h e  ca lcu la ted  and measured f a s t - n e u t r o n  

spectrum. To ob ta in  the  ca l cu la t ed  va lues ,  t h e  C - 1 7  neutron 

spectrum was i n t e g r a t e d  above 2.9 and above 8.1 Mev. Agreement 

of t h e  f l u x e s  above 2.9 Mev i s  q u i t e  good, while t h e  agreement 

of t h e  f l u x e s  above 8.1 Mev i s  fa i r .  Thus, t h e  c a l c u l a t e d  neu- 

t r o n  spectrum of Configurat ion 1 i s  i n  f a i r  agreement w i t h  t he  

measurements. 

F igure  4.1-2 shows the  measured and c a l c u l a t e d  fas t -neu-  

t r o n  f l u x e s  f o r  Configurat ion 2. Again, t h e  agreement of measured 

and c a l c u l a t e d  neutron f l u x e s  above 2.9 Mev i s  good; however, 

above 8.1 Mev the  measured f l u x  i s  about  3076 lower than t h e  

c a l c u l a t e d  f l u x .  I n  both conf igura t ions ,  t he  c a l c u l a t e d  fast-  

neut ron  s p e c t r a  con ta in  more neutrons above 8.1 Mev than t h e  

measurements i n d i c a t e .  

The measured thermal-neutron f l u x  d i s t r i b u t i o n s  a long  the  

c e n t e r l i n e  f o r  Conf igura t ions  1 and 2 a r e  shown i n  Figure 4.1-3. 

No calcuJated curves a r e  a v a i l a b l e  f o r  comparison because t h e  

neutron-energy cu tof f  f o r  t h e  C-17 code i s  0.33 MeV. These 

curves  r ep resen t  data der ived from gold f o i l s  and copper wires. 

4.1.1.2 Gamma Dose Rates 

Measured and ca l cu la t ed  gamma dose r a t e s  a long  the  tank 

c e n t e r l i n e  a r e  shown i n  Figures  4.1-4 and 4.1-5 f o r  Configura- 

t i o n s  1 and 2, r e spec t ive ly .  The c o n t r i b u t i o n s  of the  va r ious  

c a l c u l a t e d  components a r e  p lo t t ed .  The maximum d i f f e r e n c e  be- 

tween c a l c u l a t e d  and measured t o t a l  dose rates f o r  Conf igura t ion  l 
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C o n t o r l i n e  D i s t a n c e  ( i n  .) 

Figure  4.1-4 G a m m  Dose-Rate D i s t r i b u t i o n  i n  LH2 aloni; V e r t i c a l  C e n t e r l i n e  
of Tank: C o n f i g u r a t i o n  1 
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i s  about 2%. The agreement for Configurat ion 2 i s  poor over  

t h e  f i r s t  few inches  of l i q u i d  hydrogen, where t h e  c a l c u l a t e d  

dose r a t e s  are h igher  by a maximum d i f f e r e n c e  of approximately 

3M. 
A comparison of t h e  t o t a l  gamma dose- ra te  curves  f o r  bo th  

conf igu ra t ions  shows that  t h e  ca lcu la ted-va lue  curves have a 

s l i g h t h l y  s t e e p e r  s lope  than do  t h e  measured-value curves.  One 

p o s s i b l e  explana t ion  f o r  t h i s  is the l i m i t a t i o n  of t h e  p e n e t r a t i o n  

program i n  t h e  use  of t h e  d i f f e ren t i a l - ene rgy- spec t r a  data, The 

b a s i c  gamma-buildup data are more r e a l i s t i c  (and t h e  r e s u l t s  a r e  

I I l U U l L  I C U  b:Jt=i;tl-UI11 a p p l i e d  to calc*clat i rLg a - - A *  0 2  - A  ---- --..-- L,IuL.t: ---la L.t:Irable, 1 

af te r  p e n e t r a t i o n  of reg ions  or materials of such dimensions as 

t o  appear t o  be i n f i n i t e .  Since the mass of hydrogen i n  t h e  tank  

bottom, o r  c o n i c a l  p o r t i o n  of the tank, i s  not  an i n f i n i t e  region,  

t h e  c a l c u l a t e d  dose rates would most probably r e p r e s e n t  an  over- 

estimate of t he  true gamma dose r a t e  i n  t h i s  v i c i n i t y .  

4.1.2 R a d i a l  D i s t r i b u t i o n s  

4.1.2.1 - Neutron Flux 

The f a s t -neu t ron  f l u x e s  along t h e  radials from t h e  tank 

c e n t e r l i n e  i n  one v e r t i c a l  plane are shown i n  Figure 4.1-6, The 

c a l c u l a t e d  curves may be compared wi th  t h e  measured va lues  p l o t t e d  

on t h e  f i g u r e .  Both c a l c u l a t i o n s  and measurements i n d i c a t e  t h a t  

t h e  symmetry of neutron d i s t r i b u t i o n s  on t h e  radials i n  x,y- and 

x,z-planes was q u i t e  good; therefore ,  the  d i s t r i b u t i o n s  i n  only 

one p lane  are d iscussed ,  

The C-17 code appears t o  pred ic t  t h e  magnitude r a t h e r  well 

where t h e  sca t te red-neut ron  component i s  small, bu t  t h e  large 

differences on t h e  u p p e r  radials of both Conf igura t ions  1 and 2 
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n e a r  the o u t e r  p e r i p h e r y  of t h e ' t a n k  are  probably caused by 

neutrons s c a t t e r i n g  i n t o  the  hydrogen from ou t s ide  the  hydrogen 

tank. 

The measured thermal f l u x e s  obtained w i t h  copper wire 

a long  the radials are shown i n  F igure  4,l-T; the  measurements 

were normalized t o  go ld - fo i l  va lues ,  The decrease of thermal 

f l u x  towards t h e  tank wall i s  assumed t o  be due t o  abso rp t ion  

of thermal neutrons i n  the hydrogen-tank and l i n e r - t a n k  walls, 

4,1.2e2 Gamma Dose Rates 

As i n  t h e  case of neutrons,  t he  symmetry of gamma-ray 

d i s t r i b u t i o n s  about  the  tank c e n t e r l i n e  was very good, The 

p l o t s  of t h e  rad ia l  gamma-dose-rate d i s t r i b u t i o n s  measured 

and ca lcu la ted  a t  two l e v e l s  i n  t he  x,y-plane are shown i n  

Figures 4,1-8 and 4.1-9. 

a n d  measured dose rates near  the  tank wall i n  Configurat ion 

1 i n d i c a t e s  a poss ib l e  capture  component i n  the  walls of t he  

tank  o r  the  surrounding water medium, Since the agreement 

i s  b e t t e r  nea r  t h e  c e n t e r l i n e ,  such a capture  component must. 

be i n  the low-energy range i n  o rde r  t o  be a t t enua ted  s o  r a p i d l y  

by t h e  hydrogen, T h i s  e f f e c t  i s  no t  d i s c e r n i b l e  f o r  Configura- 

t i o n  2 because the  neutron-to-gamma r a t i o  i s  lower and the  

pr imary  gamma component appa ren t ly  overshadows the  secondary 

The discrepancy between c a l c u l a t e d  

componentp which i s  lower for Conf igura t ion  2. 

4,1,3 Measurements O u t s i d e  of Tank 

The nuc lea r - r ad ia t ion  measurements made on t h e  ou t s ide  

su r face  o f  t he  dewar  d i d  not  provide data e s s e n t i a l  i n  de t e r -  

mining t h e  heat inpu t  i n t o  t h e  system, b u t  they h e l p e d  i n  checking 

the  nuclear  c h a r a c t e r i s t i c s  of t h e  system. These measurements 
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i n d i c a t e  t h a t  t he  thermal-neutron leakage through the  l i n e r  

tank  was small, t hus  keeping t h e  a c t i v a t i o n  and capture-gamma 

production i n  t h e  dewar walls low, 

t o  note  that  the  measured neutron f l u x  and gamma dose r a t e  

It was a l s o  i n t e r e s t i n g  

a t  t h e  bottom d i d  no t  change s i g n i f i c a n t l y  when the  dewar  was 

f i l l e d  w i t h  hydrogen, T h i s  i n d i c a t e s  t h a t  t h e  hydrogen-capture 

gamma component was of l i t t l e  s i g n i f i c a n c e  a t  t h i s  p o s i t i o n  

and t h e  thermal-neutron leakage from the  dewar i n  t h i s  d i r e c t i o n  

was small. 

4.2 Nuc lea r -Rad ia t ion  Heating i n  Tank Wall 

The r a t e s  of gamma-ray energy depos i t i on  i n  t he  i n n e r  

w a l l  of t he  hydrogen-f i l led dewar f o r  Conf igura t ions  1 and 2 

have been c a l c u l a t e d  f r o m  C-17 r e s u l t s  w i t h  c o r r e c t i o n s  based 

on measured dose- ra te  data, A demonstrat ion of t h e  v a l i d i t y  

of t h i s  method i s  given by us ing  i t  t o  p r e d i c t  the  observed 

r a t e  of temperature r i s e  a t  p o i n t s  on the  i n n e r  w a l l  of  t he  

empty dewar, t a k i n g  i n t o  account hea t  conduction a long  the 

wall a n d  leakage i n t o  t h e  a i r  i n s i d e  t h e  dewar, Only energy 

depos i t ion  f r o m  gamma-rays was considered because t h e  neutron 

con t r ibu t ion  was l e s s  than 

4.2.1 Calcu la t ions  f o r  Hydrogen-Filled Tank 

The energy-deposi t ion r a t e  a t  p o i n t s  on the  w a l l  were 

ca l cu la t ed  by mul t ip ly ing  t h e  energy-deposi t ion rates i n t e r -  

polated f r o m  C - 1 7  data by t h e  r a t i o  of t h e  ( i n t e r p o l a t e d )  measured 

dose r a t e s  t o  t h e  corresponding ( in t e rpo la t ed )C-17  dose r a t e ,  

L e t t i n g  
0 

h = a c t u a l  energy-deposi t ion ra te  a t  a p o i n t  i n  
t h e  wall, 
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. 
h 1  = energy-deposi t ion r a t e  i n t e r p o l a t e d  from C - 1 7  

r e s u l t s ,  

% = gamma dose r a t e  i n t e r p o l a t e d  from measurements 
a t  i n s i d e  su r face  of i n n e r  wall, and 

Dc = gamma dose r a t e  i n t e r p o l a t e d  from C - 1 7  ca lcu la -  
t i o n s ,  

i t  was assumed t h a t  . 
Since the th i ckness  of t h e  wal l  i s  of t h e  o r d e r  of 0.07 in . ,  

i t  was assumed t h a t  bo th  t h e  dose r a t e  and t h e  hea t ing  rate 

were uniform a long  a normal through t h e  inlzer w a l l .  

The use of t h e  above equation i s  based on a n  assumed pro- 

p o r t i o n a l i t y  between dose r a t e  and energy f l u x ;  i t  d o e s  n o t  

cons ide r  t he  s p e c t r a l  e f f e c t s  and boundary p e r t u r b a t i o n s ,  

The c e n t e r l i n e  of the dewar was d iv ided  i n t o  0.787-in. 

i n t e r v a l s ,  and the volumes of the  corresponding segments of 

t h e  i n n e r  wall were ca l cu la t ed  from des ign  drawings,  The rate 

of h e a t  depos i t i on  i n  each segment was taken t o  be 

;IAV = ( D ~ / D ~  )&v, 
where AV i s  the  volume of the  segment, The geometry of t h e  

i n n e r  w a l l  was descr ibed i n  terms of f i v e  s e c t i o n s :  (1) hemi- 

s p h e r i c a l ,  ( 2 )  con ica l ,  (3 )  parabol ic ,  ( 4 )  c y l i n d r i c a l ,  and 

( 5 )  top ,  The ' ' top" s e c t i o n  cons is ted  of t h e  covering and neck 

of t h e  i n n e r  w a l l ,  no p a r t  of which was i n  c o n t a c t  w i t h  t h e  

l i q u i d .  The c a l c u l a t e d  r a t e  of energy depos i t i on  i n  each of 

t h e  f i v e  s e c t i o n s  and the  t o t a l  depos i t i on  i n  t h e  wall f o r  

Conf igura t ions  1 and 2 a r e  given on t h e  fo l lowing  page. 



S e c t i o n  

Hemispherical (0-1018) 

Conical (1.18-10.6) 

Parabolic (10. 6-20) 

Top (49-61) 
C y l i n d r i c a l  ( 20-49) 

Total Deposition Rate 

Energy 
Conf i gu  

1.17 

16.16 

21.43 13.49 

30.84 18 . 04 
4.14 - 6.40 - 

88.70 53 00 
4e2.2 Comparison of Predlcted and Observed Rates 

of  Temperature Mae 

By use of t he  gamma dose rate8 measured on the  empty tank 

during t h e  radiation-mapping run and of t he  corresponding (2-17 

data, the ra te  of temperature rise f o r  ConfiguratlOn 1 was 

estimated, The heat conduction a long  the  wall was ca lcu la t ed  

f r o m  i n t e r p o l a t e d  heat ing gradlents,and the  leakage I n t o  the 

a i r  was ca lcu la t ed  from emplr lca l  r e l a t i o n s h i p s ,  L e t t i n g  

0 

h = t h e  ac tua l  energy-deposlt lon r a t e  a t  a 

Q = t h e  n e t  rate of heat incrPnsc! per  u n i t  

p o i n t  i n  the  wallp 

volume due t o  conduction, 

d c  = t h e  conductive and oonvectlve leakage 
p e r  u n i t  ama I n t o  the  alr  l n a l d e  the  
dewar, and 

1, = t h e  n e t  r a d i a t i v e  em~selon par Unft We&,  

0 

0 

t h e  r a t e  of temperature rim a t  I% p o i n t  an a she11 of thlokness ,  

7 is 

where p 1s the  dsnalty and Cp i n  t h e  s g e o l f i o  heat of the  metal. 
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The energy depos i t i on  h i s  computed by use  of a C - 1 7  pre-  

d i z t i o n  co r rec t ed  by measured dose-rate  data. 

The heat-flow v e c t o r  a t  a po in t  i n  t h e  metal  i s  

where o i s  the thermal conduct iv i ty .  The n e t  heat change p e r  unit 

volume i s  

Using s p h e r i c a l  coord ina te s  w i t h  r rep laced  by s, 

- where s i s  t h e  p o s i t i o n  vector  of a po in t  w i t h  r e s p e c t  t o  t h e  

apex of t h e  c o n i c a l  s ec t ion .  For t h e  c o n i c a l  p a r t  of t h e  s h e l l ,  
J 2T w . L  

0 from symmetry and, i f  i t  i s  assumed t h a t  t h e  temperature 

g r a d i e n t  a long  a normal through t h e  she l l  i s  n e g l i g i b l e ,  '-= 0 ,  
dT = 

Then, for t he  c o n i c a l  and c y l i n d e r i c a l  p o r t i o n s  of t h e  s h e l l ,  t h e  

n e t  heat l o s s  p e r  u n i t  volume i s  

oon ica l  

c y l i n d r i c a l  

The conductive and convective hea t ing  was roughly accounted 

43 



f o r  by the use of empi r i ca l  engineer ing  formulas (Ref. 2) .  

s h e l l  of t h i ckness  cool ing  on one s i d e  only ( t h e  i n s u l a t i o n  i s  

assumed t o  completely e l imina te  h e a t  f low outward), t he  conductive 

and convective leakage i s  given by t h e  fo l lowing  equat ion (an 

empir ical  formula f o r  t h e  cool ing  of" v e r t i c a l  p l a t e s ) :  

For. a 

where ic 
d i f f e rence  i n  OF between the  metal  and  a i r .  

i s  i n  cal/cm3-sec w i t h  z i n  cm %rid AT t h e  temFerakure 

An overest imate  of t he  n e t  l o s s  of hea t  p e r  cubic cen t ime te r  

t o  cooler  parts of the  dewar by means of r a d l a t i v e  emission a q d  

absorp t ion  i s  given by (Ref. 3) 

where 

K = E ~ /  [ l . - ( 1 - E ) 2 ]  

w i t h  e the e m i s s i v i t y  of t he  metal .  T I s  t h e  temperature br, the  

p o i n t  of i n t e r e s t ,  and T, i s  t h e  c o l d e s t  p a r t  of t h e  i n n e r  w a l l .  

T h i s  overestimate of 1, 
0 0 

i s  expected t o  be small compared t o  a,. 
The temperature of the  i n n e r  w a l l  of t h e  empty d e w a r  wss 

recorded f o r  Configurat ion 1 a t  p o i n t s  corresponding t o  ZT = 3.75 in . ,  

x = 15 in . ,  and  .x = 27 In .  

con ica l  por t ion ,  which had an apex a t  

po in t  was on t h e  pa rabo l i c  s e c t i o n  and, 

culatilng V2T, was regarded as l y i n g  on a con ica l  surface w i t h  an  

apex at  x = 23.9 i n .  The t h i r d  point,  was on t h e  cy l inc l rdca l  sec- .  

The f i r s t  of t h e s e  p o i n t s  w a s  on t h e  

x = 2*04 i n ,  The second 

f o r  t h e  purpose of tal- 
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t i o n ,  so  t h a t  $T= J2T/Jx2, The record of these t h r e e  tempera- 

t u r e  measurements i s  shown i n  Figure 4.2-1. 

P o s i t i o n  
x ( i n , )  

1.75 

15.00 

27 . 00 

The three l e v e l s  where the  temperature was recorded were s o  

~ 

Calculated Ob s e rve  d . . 
h/ Cp i c / w p  i,/wp Q/pCP 4 ;1 

4.8(-2) -*79(-2) <-..009(-2) -o92(02) 3.10(-2) 3033(-2) 

1.58(-2) -,14(-2)<-.009(-2) - . 0 3 6 ( - 2 )  1.40(-2) 1.08(-2) 

1.15(-2) -. 07( -2) <- .OOg( -2) 0 1.08(-2) 0.76(-2) 

f o r  apart t h a t  a smooth curve drawn through t h e  th ree  temperature  

va lues  ( u s i n g  c e r t a i n  in fe rences  from dose- ra te  d a t a )  a t  a given 

time a f t e r  s ta r tup  gave only a n  o r d e r  of magnitude estimate of 

J2T/Js2, >T/&, and d2T/c)x2. Moreover, t he  empirical leakage 

formula may no t  apply  wel l  t o  a su r face  w i t h  t h e  shape and dimen- 

s i o n s  of t h e  dewar  walls. T h i s  means t h a t  t h e  b e s t  t o  be expected 
in .& - - - A 4 - + - 4 n l n  

w i l l  be of t he  r i g h t  o rde r  of magnitude t o  account  f o r  the  d i s -  

crepancy between t h e  c a l c u l a t e d  c o n t r i b u t i o n  from h and the  

. 0 0 

n n ~  +- ibut ions  p L G u r b u r U r 1  of T is t h a t  t h e  Q and a, C I U L l C I l  

. 
observed rate of temperature r i s e  . 

The c a l c u l a t e d  c o n t r i b u t i o n  t o  T from t h e  s e v e r a l  h e a t i n g  

( o r  c o o l i n g )  components f o r  each of t h e  three p o s i t i o n s ,  t o g e t h e r  

w i t h  t h e  p red ic t ed  and recorded va lues  of T a t  f i v e  minutes 
. 

a f t e r  s t a r tup  i s  given below, 

Rate of Tmpera ture  Change 
('R/sec ) 

It i s  seen t h a t  t he  "correct ion ' '  f o r  heat f low a long  t h e  w a l l  

f o r  r a d i a t i v e  emission. and for conductive and convect ive coo l ing  
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. 
P was of t h e  r i g h t  o rder  t o  explain t h e  d i f f e r e n c e  between h/pC 

and t h e  observed r a t e  of temperature r i s e ,  However, t he  p red ic t ed  

T i s  p rogres s ive ly  h igher  f o r  l a r g e r  va lues  of x. The explana- 

t i o n  f o r  t h i s  e f f e c t  could b e  t h a t  t he  c a l c u l a t e d  gamma spectrum 

c o n t a i n s  more low-energy gammas than  the  t r u e  spectrum. The 

infinite-medium C-17 method e f f e c t i v e l y  c a l c u l a t e s  a l o c a l  f l u x  

of low-energy build-up gammas which ,  because of leakage, would 

no t  a c t u a l l y  be produced i n  a t h i n  s h e l l .  

0 

I n  a d d i t i o n ,  i t  i s  conceivable t h a t  t h e  escape of r e c o i l  

e l e c t r o n s  fiiuii t h e  thin inneii wail  of' the dewar m i g n t  l e ad  t o  

an  a p p r e c i a b l e  e r r o r  i n  t h e  C-17 c a l c u l a t i o n s  - which a r e  based 

on t h e  assumption that Compton-scattered e l e c t r o n s  a r e  absorbed 

p r a c t i c a l l y  a t  the  po in t  of s c a t t e r i n g .  The range of a 2-Mev 

Compton-scattered e l e c t r o n  i n  me ta l  i s  about 1.0 gm/cm2 (Ref. h ) ,  

o r  about  0.051 i n .  f o r  steel .  Since t h e  average d i s t a n c e  t o  

t h e  boundary f o r  p o i n t s  i n s i d e  the  lower p a r t  of t he  i n n e r  s h e l l  

i s  only about 0.0315 in . ,  i t  i s  p o s s i b l e  t h a t  an  apprec i ab le  

f r a c t i o n  of s c a t t e r e d  e l e c t r o n s  l e f t  the s h e l l .  It i s  doubt fu l ,  

however, that  much r a d i a t i o n  energy l e f t  t h e  s h e l l  i n  t h i s  f a sh ion .  

On the  basis of t h e  p red ic t ions  of temperature r i s e  i n  t h e  

empty dewar, i t  i s  concluded tha t  t he  o v e r a l l  hea t ing  r a t e s  f o r  

t h e  f i l l e d  dewar are i n  e r r o r  by no more than  about 25%. T h i s  

f o l l o w s  from t h e  cons ide ra t ion  t h a t  s p e c t r a l  d i s c r e p a n c i e s  due 

t o  hydrogen-capture gamma rays  and f l u x  p e r t u r b a t i o n s  a t  t h e  

l iquid-hydrogen boundary should no t  be as g r e a t  as those a s s o c i a t e d  

w i t h  t h e  non-existence of low-energy build-up gammas i n  t h e  dewar 

w a l l .  The good agreement between the  p red ic t ed  and observed 
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v a l u e s  of T n e a r  t h e  bottom of  t h e  dewar shows t,hat t h e  e f f e c t ;  

cf e l e c t r o n  leakage i s  no t  s i g n i f i c a n t .  

4.3 Nuclear-Radiation Heating i n  Liquid Hydrogen - 
The heat inpu t  i n t o  the  l i q u i d  hydrogen i s  t h e  basis fol-  

a n a l y s i s  of t h e  flow runs;  thus,  s e v e r a l  methods were used te 

determine t h e  h e a t i n g  rat,es For comparative puIaposes, t h e  h e s t -  

i n g  rates were determined from the  fo l lowing  bases :  

10 Measured hydrogen vapor i za t ion  ra tes  ( b o i l -  
o f f )  0 

20 Measured temperature r i s e  du r ing  se l f  - 
pr-e s sinrizarion 

3 ,  Meamred r&diat  Ion  d i s t r i b u t i o n  and c3.1cu - 

4 0  Calculated r a d i a t i o n  d i s t r i b u t i o n s  and c a l -  

The methods used and t h e  r e s u l t s  obtained f o r  eazh of t hese  

l a t e d  erLergy depos i t i on ,  

cu la t ed  energy depos i t i ons ,  

de te rmina t ions  ape descr ibed i n  subsec t ions  4 .3 , l  throggh 4.3.4 

The resul ts  a r e  compared i n  subsec t ion  4.3.5. 
1+,3.1 Heating Rates Calcu la ted  f r o m  Boil-Off Rates  

The l i q u i d -  hydrogen vapoyiza t ion  or bo i l -o f f  

measured as descr ibed  i n  t h e  procedures  (Sec.  3.3). There i s  

a r a t h e r  large u n c e r t a i n t y  i n  t h e  accuracy of t h e s e  measurements. 

because i t  wax discovered dur ing  the  p o s t - t e s t  c a l i b r a t i o n  check 

of t h e  flow-measuring system tha t  the microswitc,h readout  system 

on the,f lowmeter  var ied  t,he readings  of t h e  meter ,  The micro-  

swi tch  imposed a load cn t h e  flowmeter measuring mechanism a n d  

thereby changed t h e  meter c a l i b r a t i o n .  Based on i n i t i a l  zlnd 

pos t - t e s t  calibrZitiOnS, measurement accuracy  i n  terms of t h e  

measured p&ra.meter - t h a t  i s ,  cubic  f e e t  of evolved hydrogen 



gas - was +l7% of the  measurement. 

va lues  ( cons ide r ing  poss ib l e  e r r o r s  i n  r e a c t o r  power l e v e l ,  gas 

temperature and p re s su re  measurements, and conversion f a c t o r s )  

i s  estimated t o  be +25% of t h e  ca l cu la t ed  va lue .  The b o i l - o f f  

data and r e s u l t a n t  hea t ing  rates a r e  given i n  Table 4.3-1 and 

a r e  presented g r a p h i c a l l y  i n  Figure 4.3-1. The f i g u r e  i n d i c a t e s  

Overa l l  accuracy of  t h e  hea t  - 

- 

t h a t  t h e  measurements were cons i s t en t ,  a l though t h e  p o s s i b l e  

a b s o l u t e  e r r o r  was l a r g e .  The ambient hea t  leak ( z e r o  r e a c t o r  

power) was l e s s  t h a n  10% of t h e  t o t a l  h e a t i n g  r a t e  on a l l  t h e  

b o i l - o f f  r-uns. 

4.3.2 Heating Rates Calculated from P r e s s u r i z a t i o n -  
Temperature Data 

Heating rates were ca lcu la ted  f o r  t h e  n ine  runs  du r ing  which 

t h e  system was allowed t o  se l f -p re s su r i ze .  Two of t h e s e  runs 

were made without  r e a c t o r  power t o  determine t h e  ambient hea t  

leak .  The h e a t i n g  rates were ca l cu la t ed  by use  of t h e  tempera- 

t u r e  data rather than t h e  pressure data because t h e  temperature 

was measured w i t h  a greater degree of accuracy.  The c a l c u l a t i o n s  

were made w i t h  a s i m p l i f i e d  r e l a t i o n s h i p  

AT - Q W ( t )  C(T) e -  
& 
at A t  ’ - -  

where 

q = energy, 

t = t i m e ,  

Q = energy p e r  u n i t  time, 

w ( t )  = weight of l i q u i d  hydrogen as a f u n c t i o n  of time, and 

C ( T )  = s p e c i f i c  heat as a funct ion of temperature  T. 
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I n  these  ca l cu la t ions ,  w ( t )  was assumed t o  be cons tan t ,  

s i n c e  a l e v e l  change d i d  not  occur wi th in  measurable l i m i t s  dur ing 

the  s e l f - p r e s s u r i z a t i o n  port ions of t h e  runs. As an approximation, 

equi l ibr ium condi t ions  were assumed and va lues  of t he  s p e c i f i c  

heat of l i q u i d  hydrogen under sa tura ted  vapor pressure, Cs (T) ,  

were used. 

Resu l t s  of t hese  c a l c u l a t i o n s  a r e  given i n  Table 4.3-2, as are 

t h e  t i m e  and temperature i n t e r v a l s  considered and the  averaged 

spec i f i c -hea t  values  used i n  the c a l c u l a t i o n s ,  The temperature 

data from Runs iO(3-2j-iG5 atid 10(8-1)-105 that were used i n  

t h i s  a n a l y s i s  were processed manually and are no t  repor ted  e l s e -  

where i n  t h e  r e p o r t ,  

(The C s ( T )  data used a r e  given i n  Reference 5.) 

The r e s u l t s  given i n  Table 4.3-2 a r e  presented g raph ica l ly  

i n  Figure 4.3-2. The values  f o r  t h e  ambient hea t  leak were i n t e r -  

po la ted  from t h e  a v a i l a b l e  two d a t a  p o i n t s  for most of t h e  runs 

and were used i n  a r r i v i n g  a t  the heat inpu t  p e r  magawatt of r e a c t o r  

power. 

The c a l c u l a t i o n s  d i d  n o t  c o n s t i t u t e  a r igorous  heat-balance 

a n a l y s i s ,  s i n c e  t h i s  approach d i d  not  cons ider  poss ib l e  

t r a n s f e r  between the  l i q u i d  and  gas phases and included 

t h e  secondary e f f e c t s  of heat  added t o  the gas and work 

i n  t he  system. The r e s u l t s  are,  however, i n d i c a t i v e  of 

mass 

only 

done 

t h e  lower 

l i m i t s  of t h e  hea t ing  r a t e s  and  serve as a basis f o r  comparison 

w i t h  t h e  hea t ing  rates determined by o t h e r  methods. 

4.3.3 Heating Rates Calculated from Measured and 
Calculated Nuclear-Hadiation D i s t r i b u t i o n s  

Heating rates i n  t h e  l i q u i d  hydrogen were ca l cu la t ed  w i b k  
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the C-17 procedure using the measured and C-17 calculated radia- 

tion distributions discussed in Section 4.1, 
yeilded the energy deposition rates caused by fast-neutron 

These procedures 

and gamma-ray interactions in the liquid hydrogen. The semi- 

empirical data on nuclear-radiation heating in the tank wall 

was combined with the liquid-hydrogen heating data to arrive 

at total heating rates comparable to those determined by the 

other methods. 

The heating rates calculated on the basis of calculated 

rad ia t io t i  distributions i'0.i. Configwations 1 a i d  2 are presented  

graphically in Figures 4.3-3 and 4.3-4,respectively. These 

figures show, as a function of liquid level, the total heating 

rate, the heating rates caused by gammas and fast neutrons, 

and the wall-heating component. The results of the heating 

calculations based on measured nuclear-radiation distributions 

are not shown graphically, since the results are almost identical. 

4,3.4 
The principal purpose of the calculations performed with 

Heating Rates Calculated by COHORT 

the relattvelynew COHORT (Ref, 6) codes was to check the procedures 
by running a test problem and comparing the results with experi- 

mental data and with the results of C - 1 7  calculations. The 

Configuration 1 geometry was used for the COHORT calculation. 

The assumptions and methods used in performing the calculations 

are discussed in Appendix C, 

The nuclear-energy deposition rates in the liquid hydrogen 

at seven different levels were calculated by dividing the hydrogen 

into seven different regions. The calculated neutron and gamma 
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heating rates, as a function of liquid level in the tank, are 

shown in Figure 4.3-5. 
wall are those discussed in Section 4.2. 

The gamma heating rates shown in the 

4.3.5 
The ambient-heat-leak values, as determined from boil-off 

Comparison of the Heating-Rate Data 

data and from the temperature data from self-pressurization 

tests, are compared in Figure 4.3-6. The ambient heat leak 

determined from the pressurization-temperature data indicate 

greater variation as a function of liquid level than that from 

the bo i l -o f f  data, 

The heating-rate curves f o r  Configurations 1 and 2 calculated 

by the various methods are shown in Figure 4.3-7 and 4.3-8, 

respectively. A comparison of the C-17 and COHORT calculations 

for Configuration 1 can be made in Figure 4.3-7. 
results are approximately 2% higher than the C-17 calculated 

The COHORT 

heating rates. 

In interpreting and using the data presented in Figures 

4.3-7 and 4.3-8 the following factors should be considered: 
e The absolute accuracy of the boil-off data is 

The accuracy of the heating rates calculated 

estimated to be - + 25%. 

from the pressurization-temperature data must 
be qualified by the calculational methods used 
and by the evident 10 to 2% scatter in the 
results, 

. The accuracy of the heating rates calculated with 
the C-17 procedure using nuclear-radiation dis- 
tributions must be qualified by the effects of 
the finite lower energy considered by the C-17 
program. This limitation would also affect the 
wall-heating calculations. The wall-heating 
curves did not include heat conduction from the 
walls above the liquid level and nuclear heating 
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in the fill-drain pipe emanating from the bottom 
of the tank. 

. The limitations of the tank-wall-heating calcula- 
tions also apply to the COHORT calculated curve 
for Configuration 1. Although the energy cutoffs 
in the COHORT procedure are lower than those in 
C-17, part of the nuclear-radiation spectrum is 
neglected. The COHORT calculations also used 
measured nuclear-radiation intensities at the 
bottom of the dewar which have possible errors 
of 10 to 20$0 

. A fairly consistent factor-of-2 difference is 
seen between the heating rates of Configurations 
1 and 2 as determined by all methods,, 

4.4 Dvnamic Tests (Flow Runs) 

Fourteen t e s t s ,  ii~~i~idiiig repea ts  of some 17uri~, were con- 

ducted during which the tank was pressured and liquid hydrogen was 

allowed to flow out of the tank to simulate the emptying of 

a nuclear-rocket propellant tank. 

Two of the flow runs are selected for discussion here 

in order to illustrate the types of data obtained and the effects 

observed.. The bulk of the data from these tests is compiled 

in Volume I1 of this report. 

4.4.1 Run 18-100 

The parametric conditions f o r  this run were as follows: 

Flow rate 0.039 lb(LHg)/sec 

Tank pressure 29 psia 

Heating gradient High (Config, 1) 

Heating rate Low (0.555 Mw) 

The tank pressure, liquid volume, and pressurization gas 

utilized are shown as a function of time in Figure 4.4-1. Stable 

liquid flow, as shown by the liquid-volume-vs-time curve, was 
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reached several minutes after start of flow (FS) as i n d i c a t e d  

by the flow meter in the system vent stack, The liquid flow 

rate tended to decrease just prior to the end of flow, While 

the pressurization-gas-utilization curve is representative, 

in this case part of the flow shown was vented through a mal- 

adjusted relief valve, 

Temperatures in the tank are shown as a function of time 

in Figure 4,4-2. Thermometer numbers are noted on the curves. 

(Relative thermometer locations are illustrated in Figure 2.3-1 

and positions relative t o  the tank bottom are listed in Table 

2.3-1. ) 

upon pressurization of the tank, as seen with Thermometers 18, 

17, and 16, Some oscillations are seen in the Thermometer 15 

data between start of pressurization and start of flow, indicat- 

ing that it was at, or near, the liquid-gas interface, 

Ullage gas temperatures underwent sharp increases 

Temperatures registered with submerged thermometers, includ- 

ing those nearest the tank wall (see below), fell within the 

0.2'R- wide band shown in the figure, 

was reached approximately one minute before reactor shutdown 

(RS) and two minutes before the tank was emptied, as indicated 

by the leveling off of the liquid temperature, The anomalies 

seen with Thermometers 4 and 5 at this time probably resulted 

from boiling of the liquid. The strip-chart recorded data from 

Thermometer 1, shown in Figure 4.4-3, illustrates more clearly 

that equilibrium conditions were reached, The temperature scales 

on the strip-chart records give nominal values only; the timing 

marks on this curve and on the one in Figure 4.4-4 occur at 

Saturation temperature 
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0.31-min intervals. 

Temperature change as the liquid level dropped past a ther- 

mometer is illustrated best by the strip-chart-recorded data 

in Figure 4.4-4 from Thermometer 9, which is located approxi- 
mately midway on the vertical axis of the tank, The approximate 

saturation temperature and the time interval corresponding to 

a 1-in. change in liquid level are shown in this figure to illus- 

trate the degree of continuity between bulk liquid and gas tem- 

peratures across the interface. 

Temperature distributions in the tank at several times 

during the run are shown in Figure 4.4-5. For this and the 

other runs, liquid temperatures along the vertical axis of the 

tank did not vary with location within the limits of measure- 

ment accuracy, rf 0.2OF. 
temperatures were recorded, either by thermometers 1/2 in. from 

the tank wall (Thermometers 24 and 29) or by Thermometer 30, 

which was nearly in contact with the wall. The data obtained 

with Thermometer 25, which was a l s o  near the wall, did show 

deviations; however, considerable drift in calibration occur- 

red and the data are considered questionable. 

No measurable deviations from the axial 

4,4,2 Run 22-109 
Parametric conditions for this run were as follows: 

F1 ow rat e 

Tank pressure 54 psia 
Heating gradient LOW (Config, 2) 

Heating rate High (5.72 Mw) 

0.13 lb(LH2)/sec 

The tank pressure, liquid volume, and pressurization gas 
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utilized are shown as a function of time in Figure 4.4-6. 
liquid flow rate was very stable, as shown by the linearity 

of the liquid-volume-vs-time curve. The system pressure varied 

and was lower than the desired 60 psia. 

utilization curve shows the high rate of flow during pressuri- 

zation of the tank prior to cryogen flow and the constancy during 

stable cryogen flow conditions that are characteristic of this 

type of system. 

The 

The pressurization-gas- 

Temperatures inside the tank are shown as a function of 

time in Figure 4.4-7. Temperature registered by the submerged 

thermometers fell within the 0.2O to 0,4°R-wide band as shown. 

The characteristic increase in ullage-gas temperature with time 

and distance above the liquid-gas interface can be seen, although 

the time resolution is less than for Run 18 (Figure 4.4-2) when 
the liquid level decreased more slowly. The anomalous behavior 

of Thermometer 5 near the end of the run is not understood. The 

bulk liquid temperature was approximately 3 O R  below saturation 

temperature when the tank was emptied. 

Temperature variations across the liquid-gas interface 

are illustrated b,y the strip-chart-recorded data in Figures 

4.4-8 and 4.4-9 from Thermometers 10 and 1. The time interval 

corresponding to a 1-in. change in liquid level in conjunction 

with the Figure 4.4-8 curve indicates a stratified layer of 
less than 1-in. thickness. 

Temperature distributions in the tank at various times 

during the run are shown in Figure 4.4-10. Temperature variations 

along the tank axis and radially at the two horizontal positions, 

4.2 and 26.3 in., were within the limit of measurement accuracy. 
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Table 4.1-1 
Calculated Gamma Dose Rates: Configuration 1 

Detector Coordinates 
(in- 1 

X 

0.10 

1.08 

3.05 

5.16 

9.84 

14.47 

22 .oo 
33.79 

45.00 

1.08 

3 -05 

3.05 

5.16 

5.16 

5.16 

9.84 

9.84 

9.84 

9.84 

14.47 

22 .oo 
22.00 

22.00 

33.79 

33.79 

33.79 

Y 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2.56 

2.56 

4 4 2  

2.56 

4-72 

6.89 

4 -72 

6.89 

9.05 

11.42 

4.72 

5.31 

10.63 

15.90 

5.31 

10.63 

15. go 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Q 

0 

0 

0 

0 

0 

- 

( r/hr-w ) 

Gamma Dose-Rate Components 
Total 
Gamma 
Dose 
Rate 

6.56( -1) 

5*71(-1) 

3 82 ( -1 ) 

3.60( -1) 

3 -32 (-1 
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Table 4.1-2 
CalcuLi t e d  Garnrna Dose Hates : Configurat ion 2 

(r/hr-w) 

Detect o r  
Coordinates (in. ) 
_II 

X' 

00 10 

5.16 

14.47 

22.00 

33 -79 

45.00 

22.00 

22.00 

22 .oo 

33.79 

33.79 

33 079 

- 

- 
.z  

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Primary 
Gammas 

1.08( -0) 

7.76(-1) 

/+ -97 ( -1 

3.31(-1) 
1.91( -1) 

1.21( -1) 

3 J9(-1)  

3.02( -1 ) 

2.74( -1) 

~ 8 4 (  -1) 

1 e77 ( -1 

1.67( -1) 

Gamma Dose-Rate Components 
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Table 4.1-5 
Radiat ion hleasurements Inside Fmpty Tank 

For P o s i t i o n s  w e r e  All i%tectorss Were Used 

5.48(3 1 - 
2*59[3{ 
5-08 3 

Coordinates (in.) 

1.12 

1.10 
1.47 

- 

I_ 

Gamma Neutron Flux Data ( n/cm2-sec-w) lose Rate I I 

I I 

I 
I Configuration 1 

I I Configuration 2 
I 

I I 

Detect o r  
Coordinates ( i n . )  -- 
X -- 

4.4 
14.4 
27.4 
39.4 
56.0 

1.4 
9*4  
9.4 

21-4 
21.4 
21.4 
21.4 
33*4 
33.4 
33 *4 
33.4 

9 -4 
9 e4 

1.4 

21.4 
21.4 
21.4 
21.4 
33.4 
33.4 
33.4 
33.4 
-- 

Thermal + 
Y 
0 
0 
0 
0 

i 
10 
4 
8 

12 
16 
4 

12 
16 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

a 

--- 

_-- 
z 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2 
10 
4 

12 
16 
4 
8 

12 
16 

a 

Configuration 1 
- _ - _ -  
Co Glass 
( r / h r - w )  

_ _  __ 

- I 

: n/cm2- s e c -w ) 



Table 4.1-6 
Radiation Measurements Inside LH2-FiUed Tank 

Detector 
Coordinates (in.) 

X 

- 

0 
1.4 
8.4 
!0.4 

0 
1.4 
8.4 
!0.4 

Y 
-- 

0 
0 
0 
0 

0 
0 
0 
0 

- 
Z 

0 
0 
0 
0 

0 
0 
0 
0 

I 1 

Au 

Thermal 

For Posit ions Where Cobalt Glass and Sulfur Were Used 

X 

4.4 
14.4 
27 -4 
39.4 
56.0 

1.4 
9.4 
9.4 

21.4 
21.4 
21.4 
21.4 
33.4 
33.4 
33.4 
33.4 

1.4 
9.4 
9.4 

21.4 
21.4 
21.4 
21.4 
33 *4 
33.4 
33 04 
33.4 

Coordinates (In.) 

Y 
0 
0 
0 
0 
0 

2 
10 
4 
8 

12 
16 
4 
8 

12 
16 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

z 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2 
10 
4 
8 

12 
16 
4 
0 

12 
16 

Configuration 1 

co Glass 
( r /h r -w)  

Cd 
Ratio 

4:;: 
12.6 
21.7 

3.59 
26.3 

19.8 
10.6 

Configuration 2 -- 
Co Glass 
( r/hr-w ) 

5 
( n/cm2 - sec -w ) 
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Tab le  4.1-7 
Radiation Measurements on Outside Surface of Empty Tank 

Detect  or  
Pos i t i on  

X,Z - Plane 
1 
2 

5 
6 
7 
8 

x,y - Plane 
1 
2 

5 
6 
7 
8 

x,z - Plane 
1 
2 

'5 
6 
7 
8 

x,y - Plane  
1 
2 

7 
8 

- 
Gamma 

Dose Rate 
(r/hr-w 

Co Glass 
- 

- 

- 

- 
- - 

- - -._I_- .__- 

Neutron Flux Data (n/cm2-sec-w) 

> 2 . 9  =Ti--- Mev >7.5 Mev 
I 

Configuration 1 

Configu ation 2 

6.85( 1) 

6.87( 1) 

Cd 
Ratio 

--- 

1.20 
1.21 
1.11 

1.25 
2.17 

1 

1.69 
1.56 

- 
1.20 
1.08 

1.21 
1.95 
1.54 
1.60 

- 

- 
1.16 
1.24 
1.13 
1.39 
2.07 
2.08 
1.51 

- 
1.46 
1.30 

1.30 
2.04 
2.11 
1.42 
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T a b l e  4.1-8 
Radiat ion Measurements on Outside Surface of LHZ-Filled 'Tank 

-- 
Detector 
Pos i t i  on 

x,z - Plane 
1 
2 

5 
6 

;5 
x,y - Plane 

i 

i 
5 
6 
7 a 

x , z  - Plane 
1 
2 

B 
x,y - Plane 

1 

-.-- 

Gamma 
Dose Rat 
( r/hr-w 

C o  Glas 

- 
Neutron Flux Data ( n/cm2-sec-w) 

Configuration 1 

Configuration 2 

-- 

Cd 
Ratio 

3.63 - 
8.39 
2.02 

16.5 
18.1 

1.12 

1.42 

11.8 

1.12 

1.48 
1.51 

1.50 

3.28 
2.62 

1 e72 

- 

1.$8 
1.44 
2.32 

2.30 
11.5 



Liquid 
Level 
(in. 1 

24 5 
27.4 
28.8 
44.1 

45 07 

18.0 

27 

32.3 

43.7 

18.0 

25.3 

32.3 

. 4a 

. 6a 
3a 

. 8a 

Liquid 
Volume 
(gal ) 

52.0 
62.2 

67 .O 

120.3 

125.5 

29.7 

62.2 

79.4 

118.5 

29 e 7  

55.0 

79.4 

554 

685 

594 

428 

! 
44.7 j122 

1 I 

Table 4.3-1 

Heat ing Rates Calculated f rom Boil-Off  Data 

-- 
I Heat I n p u t  

Total 1 T otal 

(watt s ) 

1.964 

2.0 

1.56 

1.0 

2.07 

2.05 

1.54 

5.725 

23.3 
22.3 
22.0 

23.8 
26.0 

Input Less Amb . 
(=tis) 1 (watts) 

- - I  
21 

22 

23 

24 

1 - 
532 

662 

57 1 

403 

C onf - 
21 

22 .ha 

23 3a 

24 . ga 

guratic 

302 

403 

327 

1192 

2 - 
281 

381 

304 

1167 

Heating 
Rate 

(watts/Mw) 

271 

331 

366 

403 

136 

186 

197 

204 

aInterpolated value from plot of ambient-heat-leak data. 

Run 
Number 

13-96 
11-95 

9 
10-94 
8 

10( 7-1). 
106 

i o (  3-1). 
105 
10( 5-1). 
105 

105 
io(8-1) 

12-103 

02 



Table 4.3-2 

Heat ing  Ha te s Ca l c u l a t e  ti f rorn Pressurization -Temperature Data 

c s  1 Ambient 

(1%) I 1 Hgt::y 
2 .[I3 27.9 

I 
L i q u i d  L i q u i d  
L e v e l  We i gli t At 

( i n .  1 O b )  (min) 

Ilea t i n g  
Rate 

( watt s/Mw ) 

26.2 33.8 59.0 

25.3 1 32.2 8 .33 ,  1.9 
1 

I 

27.4 36.5 39.09' 7-25 

35 - 4  52.2 , 44.02 7.03 

40.7 ! 63.4 I 50.0 
I I 

i 
! 1 

j I , 

16.4 ' 14.3 I 19.01 

! 

1 

i 

2 -44 27 .4a 141 
I I ; 

2.74 I ~ 8 . 5 ~  117 
1 

2.66 3 3 0 6 ~  1 127 
1 

40.7 61.5 j 26.93 

43.7 69.5 1 4.94 

I 

43 07 69.1 i 10.2 

I 

- I 

Configuration 1 1 

3.86 

0.64 

2.71 1 37.4 a 273 
2.38 I 39.8a / 338b 

Run 
No . 
9 
8 

11-92 

10-89 

105 

10( 8-1 )- 
105 

lo (  8-1 - 

10( 3-2)- 
105 

13-93 

12-90 

"Estimated from Runs 8 and 9 

bReactor power l e v e l  = 1.0 Mw 

Reactor power l e v e l  = 2.1 Mw C 



5 a CONCLUSIONS 

This report, in conjunction with Volume 11, presents a 

comprehensive collection of data that should prove valuable 

in evaluating methods for calculating nuclear-radiation-energy 

deposition rates and the resultant temperature distributions 

in liquid hydrogen in a pressurized tank. Data in some categories, 

the first of their kind, will have some limitations in applica- 

bility, as noted in Section 4. No major difficulties were en- 

countered in the performance of the experiment, although minor 

problems occasionally prevented acquisition of data with the 

desired precision, 

The nuclear measurements and calculations provided data 

t o  determine heating gradients in the liquid hydrogen and t o  

determine the contributions of neutron interactions and gamma 

interactions t o  the total heating rates. The C-17 calculations, 

which were originally performed to plan reactor power levels 

for the various data runs, agreed well with the measured data. 

The calculations performed with COHORT, using Monte Carlo tech- 

niques, were performed as a rough evaluation of the code and 

the results of these calculations were encouraging, 

The results of these nuclear calculations give a measure 

of confidence t o  previously performed calculations with regard 

t o  nuclear-rocket-system design studies. However, the question 

of how well these methods can be applied t o  a full-scale system, 

where calculation of deep-penetration by nuclear radiation is 

required, have not been completely answered. Small discrepancies 
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I n  the ca l cu la t ions  performed here can become rather large i n  

deep-penetration c a l c u l a t i o n s ,  

The presence and quan t i ty  of energy-storage mechanisms 

could not  be determined from the  attempted measurements. The 

energy s tored by such phenomena was less than t h e  e r r o r  invclved 

i n  t h e  a t t e m p t e d  measurements, A s p e c i a l l y  designed, l abora t c ry -  

type experiment w i l l  probably be requi red  t o  det;ermine what 

f r a c t i o n  of t he  energy deposi ted by nuc lea r  r a d i a t i o n  i n  l i q u i d  

hydrogen i s  s to red  temporar i ly  through t h e  d i s a s s o c i a t i o n  ar,d 

e x c i t a t i o n  of H2 molecules. 

No ana lys i s  of t he  r e s u l t a n t  temperature d i s t r i b u t i o n s  

i n  t h e  l i q u i d  hydrogen was performed, However, background i n -  

formation and accuracy of t he  data requi red  t o  perform and eval.ua.te 

an a n a l y s i s  of  t h e  s e l f - p r e s s w i z a t i o n  aQd flow runs have been 

provided ., 
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APPENDIX A 

EXPERIMENTAL EQUIPMENT 

The experimental  equipment was designed t o  f a c i l i t a t e  qdick 

access  t o  t he  ASTR i n  the event r e p a i r s  became necessary.  Quick 

disconnects  on a l l  p i p e s  and wiring going t o  t h e  dewar and l i n e r  

tank  made i t  poss ib l e  t o  remove them as  one u n i t .  The t e s t  

a r e a  was shielded from r a d i a t i o n  by po r t ab le  s h i e l d s  t h a t  could 

be e a s i l y  removed. Removal of t h i s  s h i e l d i n g  was necessary 

when access  t o  t h e  dewar w a s  required f o r  changing r a d i a t i o n  

d e t e c t o r s  and temperature thermometers i n s i d e  t h e  dewar. 

Data readout systems and cont ro l  ins t rumenta t ion  were i n s t a l l e d  

i n  po r t ab le  racks and checked out i n  t h e  Nuclear Instrumenta- 

t i o n  Laboratory. This  method made i t  p o s s i b l e  to check c a l i -  

b r a t i o n s  and ope ra t iona l  func t ions  of t h i s  equipment p r i o r  t o  

i n s t a l l a t i o n  i n  the  c o n t r o l  room, 

By us ing  these  methods, a minimum t i m e  i n  t h e  t es t  a r e a  

w a s  requi red  f o r  se tup  and checkout of equipment, and more e f -  

f i c i e n t  u t i l i z a t i o n  of t he  test  a r e a  w a s  obtained. 

The experimental  hardware and s a f e t y  equipment were manu- 

f a c t u r e d  and/or purchased by GD/FW. The cryogenic system was 

designed and manufactured by Cryogenic Engineering Company of 

Denver, Colorado, t o  spec i f i ca t ions  furn ished  by GD/FW. 

A-1 F a c i l i t y  Equlpment 

To adap t  t he  b a s i c  configurat ion of t he  ASTR system t o  

t h e  experiment, some add i t iona l  hardware was required.  This  

cons i s t ed  of a spacer  tank, l i n e r  tank, and sh ie ld ing;  t hese  
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were in tegra ted  i n t o  the  exis t . ing ASTR system, 

has been pointed out  i n  Figure 2,1-10 

T h i s  equipment 

A - 1 0 1  ASTR - 
B r i e f l y ,  the  10-Mw ASTR i s  a heterogeneous, l ight-water- 

moderated and -cooled r e a c t o r  conta in ing  MTR-type f u e l  elements, 

Each element conta ins  150 gm of U-235* 

ASTR a r e  given i n  Reference 7, 

Fu r the r  d e t a i l s  of t he  

A-1 .2  Spacer Tank 

The spacer tank was designed t o  deepen the ASTR p i t  t o  

provide two f e e t  o f  water s h i e l d i n g  between the  r e a c t o r  pres- 

su re  v e s s e l  and t h e  bottom of the  l i n e r  tank w i t h  t he  ASTR i n  

i t s  completely lowered p o s i t i o n ,  

p a r t i c u l a r l y  necessary i n  t h a t  i t  allowed worko such as the 

pos i t i on ing  and r e t r i e v a l  of r a d i a t i o n  d e t e c t o r s  and the  posi-  

T h i s  water  s h i e l d i n g  was 

t i o n i n g  of thermometers i n  the  dewaro t o  be performed above 

t h e  dewar, 

Two 12- in ,  i-beams b u i l t  i n t o  t h i s  tank  extended through 

t h e  walls and rested on f o u r  screw j acks  that t r a n s f e r r e d  the 

load t o  t h e  concrete ramp, 

were supported by t h e  two I-beams. 

The l i n e r  tank and a d d i t i o n a l  s h i e l d i n g  

A-l,3 Liner Tank 

The l i n e r  tank i n  t h e  w a t e r - f i l l e d  ASTR p i t  proveded 

space i n  which the  dewaP could be pos i t ioned  d i r e c t l y  over 

t h e  r e a c t o s ,  The l i n e r  tank a l s o  supported and a l igned  t h e  

dewar i n  the  proper pos i t ion .  

dewar  provided s u f f i c i e n t  space between t h e  w a l l  of t h e  dewar 

and l i n e r  tank  f o r  pos i t i on ing  and removing r a d i a t i o n  detec-  

T h i s  method of support ing the  
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t i o n  f o i l s  on t h e  ou t s ide  wall of t he  dewar. Figure A-1 

shows the  top of the l i n e r  t a n k  w i t h  t he  dewar and work p l a t -  

form i n  p o s i t i o n  and t h e  sh ie ld ing  removed. During the  t e s t  

operat ions,  t he  l i n e r  tank was sealed,  thus al lowing t h e  space 

around t h e  dewar t o  be purged w i t h  gaseous n i t rogen .  The tank 

was cons t ruc ted  of 1/4-in. aluminum and was 44 i n .  i n  diameter.  

The i n s i d e  su r face  of the tank was coated w i t h  a 1/16-in.-thick 

mixture  of epoxy and boron carbide. The bcmn i n  t h i s  coa t ing  

absorbed slow neutrons and thus reduced t h e  a c t i v a t i o n  of t h e  

dewar. 

A-1.4 Sh ie ld ing  

I n  a d d i t i o n  t o  the  water around t h e  l i n e r  tank, neutron 

and gamma s h i e l d i n g  were  required above the  l i n e r  tank and 

dewar  during r e a c t o r  opera t ion  to maintain t o l e r a b l e  r a d i a t i o n  

l e v e l s  i n  the  surrounding areas. T h i s  s h i e l d i n g  was removable 

t o  a l low easy access  t o  the  hydrogen t ank  and r e a c t o r .  An 

exploded view of t h i s  s h i e l d  arrangement i s  shown i n  Figure A-2. 

A gamma s h i e l d  of 1- t o  2-in.-thick s t e e l  was p laced  on the  

I-beams of t he  spacer  tank,  The bottom of t h e  s t e e l  slab 

was coated w i t h  1/16 i n ,  of the same epoxy and boron-carbide 

mixture  used i n  t h e  l i n e r  tank t o  reduce t h e  thermal neutrons 

and a c t i v a t i o n  of t h i s  sh i e ld .  The neutron s h i e l d  was a 

9-ft-diam wa te r - f i l l ed  s t e e l  tank pos i t ioned  on top  of t h e  

gamma sh ie ld .  The tank was f i l l e d  to about t h e  8-ft l e v e l  

dur ing  r e a c t o r  operat ions.  

A - 2  Cryogenic System 

T h i s  Wtem cons is ted  of the dewar, l iquid-f low system, 
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gas-flow system, and all the plumbing, valves, regulators, 

safety devices, and gages necessary t o  operate, control, 

protect, and monitor the dewar during the experiment, Figure 

A-3 is a more detailed diagram of the system than that shown 

in Figure 2.2-1, Only the most pertinent parts, however, are 

discussed below, 

A-2.1 Dewar or Hydrogen Tank 

The dewar was manufactured of 304 stainless steel and 

had the capacity of a 125-gal tank with a 10% ullage, or' vapor 

space. The shape, size, and thickness of material for various 

sections of the dewar and dewar-reactor geometry are shown in 

Figures A-4 and A-5. A photograph of the tank as it appeared 

after the experiment is shown in Figure A-6. 

insulation was used between the inner and outer walls. This 

One inch of super 

insulation consisted of alternate layers of glass paper and 

aluminum foil. The space between the dewar walls was evacuated 

to rnm Hg, and the vacuum connection was sealed o f f ,  A 

vacuum gage was mounted on the neck of the dewar at a penetration 

of the outer wall, This gage was monitored during the experi- 

ment t o  ensure that the vacuum was maintained. 

The dewar neck had a 12-in. inside diameter f o r  installa- 

tion-and removal of radiation detectors and temperature- 

measuring devices, 

stainless-steel lid which sealed with a Buna N 0-Ring. Lead- 

throughs were provided in the lid t o  accommodate 120 wires for 

The opening was covered with a 3/4-in.-thick 

platinum-resistance thermometers, 10 leads f o r  themocouples, 

and 20 leads for hydrogen-level indicators, Also, a lead- 
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through was provided in the lid for connecting a pressure 

transducer. 

A-2.2 Liquid-Plow System 

The main components of the liquid-flow system were the 

main flow line, the system fill line, the purge system, and 

the valves, The main flow line was a 1/2-in. vacuum-jacketed 

line, This line entered the dewar from the bottom and termi- 

nated flush with the inner wall. From the bottom of the dewar 

it extended up the outside of the dewar for six feet and con- 

nected with a bayonet fitting to a section of 1/2-in0 flex 

line, The flex line exited through the liner-tank duct and 

connected to a 5O-ft section of structural vacuum-jacketed 

line, A remotely controlled flow-control valve (RFCV-1) was 

installed 18 in, from the end of this line. This valve con- 

trolled the flow of liquid hydrogen during filling and empty- 

ing of the  dewar, 

air-to-open type and was positioned by means of a remotely 

located, panel-mounted hand loader with pressure gage. 

The valve operator was a spring-to-close, 

The system fill line tied into the main flow line nine 

inches from the upstream end with a rigid section of 1/2-in. 

vacuum-jacketed line followed by a 5-ft section of vacuum- 

jacketed flex line, The flex line was terminated with a 

femiLe section of a 20Q-in, bayonet-type disconnect which 

connected the LH2 supply trailer t o  the experimental system. 

The rigid section of this line had an insulated hand-operated 

valve installed 16 in, from the liquid-hydrogen line to 

facilitate filling of the dewar, 
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A helium purge system was tied into the liquid-hydrogen 

fill line between the hand valve and the supply dewar. This 

system was used to purge the liquid-hydrogen fill line back 

through the supply-trailer vent. 

A nitrogen purge system tied into the hydrogen fill line 

between the hand valve and the liquid-hydrogen line, 

purge gas was supplied from a bank of compressed-gas bottles. 

The regulation of the GN2 purge was accomplished by a single- 

stage pressure-reducer valve (PRV-3) having an adjustable 

outlet range of from 10 to 75 psig. 

The N2 

The manual-control valves (MCV-1 and MCV-2) were used in 

routing the liquid hydrogen durtng filling and emptying opera- 

tions. 

Rupture discs and safety relieve valves were used in all 

sections of the system to guard against overpressures. 

A-2.3 

The gas-flow system consisted chiefly of sections of 

vacuum-jacketed line, a pressurization system, heat exchangers, 

flow-meters, and a remotely controlled relief valve. A 1-in. 

vacuum-jacketed line entered the dewar through the lid and 

extended into the dewar to within six inches of the 125-gas 

liquid level. The line was terminated inside the dewar with a 

gas diffuser to obtain even distribution of the pressurization 

gas. External t o  the dewar, this line connected to an 8-ft 

section of vacuum-jacketed flex line which connected to a 10-ft 

section of standard 1-in. vacuum-jacketed line, 

Two heat exchangers were installed in series at the end 
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of the vacuum-jacketed piping to warm up the boil-off gas 

before it entered the gas meter. 

The first heater was an air/gas heater consisting of a 

14-in.-diam coil of 1-in. insulated copper tubing. This 

heater raised the temperature of the boil-off gas to about 

-3l'j'OFm 

The second heater was a liquid/gas heater consisting of 

a 1-in.-diam copper pipe with a 2-in.-diam water jacket outside. 

Water at ambient temperatdrature (hot water) was flowed through 

this jacket against the gas flow in the inner pipe, 

raised the gas temperature to above 20°F. 

This heater 

The gas meter (FM-l), which followed the heat exchangers 

in the gas flow line and which was used to measure the boil- 

off gas, is described in Appendix Be 

Following the flowmeter and at the end of the gas line 

was a remotely controlled relief valve (RRV-1). This valve 

was used to control the pressure on the entire system from 

atmospheric to about 60 psia. The valve relieved into the 

vent system. The valve was controlled by means of a remotely 

located, panel-mounted hand-loader provided with pressure gage. 

The hydrogen pressurization system used to maintain pres- 

sure in the dewar during the flow runs was tapped into the gas- 

flow line with a 1/4-ine stainless-steel tube which in turn 

connected to the cutlet side of a gas meter (FM-3). 

meter inlet was attached to the pressure-reducing system, which 

The gas- 

was adapted to a bank of GH supply bottles. 
2 

The pressure-reducing system consisted of a series of 
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gages and pressure-reducing valves. The regulation was ac- 

complished in two stages t o  reduce the regulator lag associated 

with a variable inlet pressure, thus ensuring good pressure 

control, The first-stage regulator (PRV-1) was a pressure- 

reducing valve' with an adjustable outlet range of 100-225 psig. 

The second-stage regulator (PRV-2) had an adjustable outlet 

range of from atmospheric t o  60 psia, 

A-2.4 Vent Line 

The liquid- and gas-flow systems were connected to a 

4-in,-diam vent line, This line extended an additional 150 

ft from the test facility so that the GH2 would be vented t o  

the atmosphere at a safe distance from the facility. A vent 

stack, which rose to 30 f t  above the ground, was installed 

on the end of this line t o  further meet safety requirements 

for venting GH2 to the atmosphere. 

on the top of the vent stack, This valve was designed to 

maintain about 0.5 psi on the system at all times and to pre- 

vent rain from entering the ven t  stack, A turbine-type meter 

was installed in the &-in. vent line 90 ft from the end of 

A poppet valve was installed 

the vacuum-jacketed liquid flow line. This gas meter monitored 

t o t a l  flow of gas from the system during LH2 flow runs. 

101 



APPENDIX B 

INSTRUMENTATION 

Descr ip t ions  of the instrumentat ion systems and techniqiJes 

used t o  obta in  the  required data f o r  t h e  experiment are pre- 

sented i n  t h i s  appendix. The order  of the p resen ta t ion  i s  

l i s t e d  below w i t h  t he  appropr ia te  s e c t i o n  noted. 

B-1 Cryogenic-Temperature Measurement 

B-2 Ambient-Temperature Measurement 

B-3 Pressure Measurement 

B-4 Flow Measurement 

B-5 Liquid-Level Measurement 

B-6 Radia t ion- In tens i ty  Measurement 

Measurement accuracy i s  discussed wi th in  each s e c t i o n  under 

a subsec t ion  e n t i t l e d  "Performance," w i t h  t he  exception of 

Sec t ion  B-6, where t h e  discussion on t h i s  t o p i c  i s  i n t e g r a t e d  

w i t h  t h e  d e s c r i p t i v e  information, 

I n  a d d i t i o n  t o  the  equipment needed t o  obta in  data, o the r  

equipment was u t i l i z e d  t o  fac i l i t a te  performance of t h e  t e s t  

and t o  meet sa fe ty  requirements. A dual-camera, dual-monitor, 

c l o s e d - c i r c u i t  t e l e v i s i o n  system was used f o r  v i s u a l  observa- 

t i o n  of t he  t e s t  apparatus .  Five channels of a hydrogen de- 

t e c t i o n  system were used t o  monitor f o r  

f loa t -opera ted ,  switch-type c i r c u i t  was 

of water i n t o  t h e  l 5ne r  tank around t h e  

hydrogen leaks .  A 

used t o  d e t e c t  leakage 

dewar, 'WiLth t h e  excep- 

t i o n  of t he  t e l e v i s i o n  system, a l l  e l e c n i c a l  power t o  systems 

f u r n i s h i n g  power o r  de r iv ing  s igna l s  from t h e  t e s t  se tup  was 

routed through a oontac tor  u n i t  ac tua ted  by a switch on the  
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t e s t  cont ro l  panel,  

l o c a t i o n s  was contrGiled from the  t e s t  c o n t r o l  panel. 

A CO2 system w i t h  exhausts  a t  c r i t i c a l  

S i m p l i f i e d  diagrams of t h e  var ious  systems a r e  shcwn 

i n  Figures B-1 and B-2. 

Signal and e x c i t a t i o n  l eads  were 20AWG, 2-conductor- 

The shielded,  i n s a l a t e d  wires grouped i n t o  four  bundles, 

thermocouple exbension harness was a 24-pair ,  22AWG, sh ie lded ,  

insulated m b l e  Lead-wire l eng ths  were approximately 

- 150 f t o  

I n  o r d e r  t o  minimize noise,  s h i e l d s  on a13 lcw-level 

circuits were ear5h-grounded a t  the  dewar l o c a t i o n  and were 

f l o a t e d  elsewhere e 

AC power t o  t he  pressure  t ransducer  and a solenoid valve 

was supplied through dc-actuated conkactors loca ted  i n  ,the 

vicinity of t he  t e s t  setup. 

Hzmesses f o p  circuits i n t c  t h e  dewar were t;ermi.na,ted 

w i t h  &-pin  connectors which. mabed w i t h  bulkhead connec:tcr+s 

i n  t h e  dewar- l L d 0  

B-1 Cryogeni~-Tenperature Measurement 

B-1 .I. I -  Sensors 

Thirty pzatinum-resistance thermometers were used in 

measuring Sernperst,u.rea i n  the  liquid-hydrogen range , These 

thermometer>a, FiQsernount; Engineering Company (REC) Model 3.46AF, 

have an  R, (ize-,pcigk resfs tance)  of 1900 1 ohms and a lae- 
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sistance 0f-5~4 ohms at -423OF. Given below are pertinent 

specifications quoted from Rosemount Engineering Company Speci- 

fication DWG 146AF (Instruction Manual : Triple-Bridge Multi- 

Channel Temperature Measurement System; REC Document 55329A, 

2.0 DESIGN AND PERFORMANCE 

1% 2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.3 

Temperature Range : -435OF to +700°F. 

Resistance-Temperature Relationship: The 
nominal resistance vs temperature shall 
be as tabulated below. 

Accuracy: Each sensor shall be accurate 
to within / O.lO°F in the range -435OF 
to +3z0F aEd accurate t o  within f 0;5OF 
in the range +3PF to +70O0F. 

Stability: Each sensor shall be re- 
peatible to within / O.lO°F in the range 
-435OF to 32'F and Fepeatible to within 
0.5'F in the range +3P0F to +70O0Fe 

Calibration: Each sensor shall be cali- 
1:-mted at T32OF, LN8# T-,IIe, and 2120~. 
These valuCs shall e used t o  calculate 
the sensor resistance at each of the 
otllcr polnts t a b u l a t e d ,  below, using t h e  
" CocruCcini 3-point"me t hod. 

Time Constant: Less than 4.0 seconds for 
63.2 percent of the total response to a 
step function of temperature in agitated 
LN2 

Self-Heating: In agitated LN2, an 12R 
power of 5*0 milliwatts shall cause a 
sensing element error of not more than 
l.O°F. 

Materials: The sensor is composed of 
platinum, platinum-rhodium, and a cera- 
mic composed of metal oxides, 

3.0 I N D I V I D U A I ,  TESTS: Each sensor shall be examined 
.-_- - ---. 



for good workmanship, conformance to this drawing, 
and calibrations as defined in Spec. 2.5 above. 

(data omitted 
+32 

0 

-100 

-200 

-300 

-400 

-410 

-420 

-435 

Resistance Interchangeabilit 
(ohms ) Tolerance (+ ohms 

for temperatures above 32OF) 
1000 0 0 1.0 

- 929 0 09 

704 84 - 
475 0 39 - 
238,43 - 
24 . 690 - 
130920 - 
6*870 - 
2 0 233 - 

The thermometers were installed on a positioning rig 

as shown in Figure B-3. 

are shown in Figures B-4 and B-5. 

the bulkhead connector in the dewar lid and each of the ther- 

mometers. Four lead wires for each thermometer were used 

Details of individual installations 

Dual leads were used between 

from the connector to the control room. Lead wires inside 

the dewar were bundled on the positioning rig and routed through 

one of two 60-pin connectors and thence to the bulkhead con- 

nectors, Lead wire used in the dewar was ceramic-insulated 

(Ceramatemp, AWG 24$ code 675> Grade C), made by Hitemp Wires 

Inc., of Westbury, N, Yo Insulation resist,an@e between in- 

dividual wires in the bundle ranged from 5 t o  10 megohms. 

(Measurements were made in air at 75OF, with 35% relative 

humidity.) Conductor resistance measured at 75OF was 0.042 
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NPC 20,971 
31-7544 

F igure  B-3 Thermometer P o s i t i o n i n g  Rig 
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NPC 20,969 
31-7543 

Figure B - 4  I n d i v i d u a l  Thermometer and Liquid-Level -  
Sensor  I n s  t a l l a t i o n s  
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NPC 20,717 

t- 3/41' 7 I 1  
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.01Z2" diam P t  
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1/2" 

Figure B-5 T h o r  iiom tor 14ounting P r o c e d u r e  
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ohm/ft. 

of the order of 0.00042 ohm/f%, since t h e  resistivity of 

copper decreases by approximately a factor of 100 between 

the two temperatures. 

Resistance at LH2 temperatures was estimated to be 

B-1,2 System 

Bridge circuits used with the thermometers were REC Model 

551B mounted in WCOs Multiple Triple Bridge Unit,55OACO 

adjustable bridges were designed to yield outputs ranging from 

60 mv at -425OF t o  zero milivolts at -400°F when used with 

the Model 146AF thermometers, These bridges were also designed 

t o  compensate for lead-wire resistances of the order of 5 ohms 
per lead (see See, B-1.4). 

These 

Excitation voltage of 3O.OO - + .01 volt was supplied to 
the bridges by a Harpison Model 6226A power supply. 

Outputs from the bridges were routed through a GD/FW- 

designed coaxial relay scanner which selectively fed the sig- 

nals through a guarded-ground dc amplifier (Dana Laboratories 

Model 2200) adjusted for a gafn of 100 t o  a digital voltmeter 

(Non-Linear Systems Model M-24). 

were displayed on the digital voltmeter, and the signal, along 

Signal amplitude and p o l a r i f y  

with appropriate identification and timing data, was printed 

on paper tape. Sampling rate was approximately 1.7 sample$ 

per second, 
- 

In addition, 10 of the 30 bridge outputs were connected 

t o  a patch panel through whfch any four of these 10 channels 

could be patched t o  strip-chart recorders f o r  continuous re- 

cording in papallel. with the voltmeter system. 
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B-i.3 Data Processing 

The temperature data recorded on p r i n t e d  paper tape was 

ed i t ed  manually and punched on p a p e r  tape w i t h  a Flexowri ter .  

The punched-tape data were t ranscr ibed  and put  i n t o  a d i f f e r e n t  

format on magnetic tape ,  Equipment which has  subsequently 

become a v a i l a b l e  would have permitted d i r e c t  record ing  on 

magnetic tape. The taped data were then u t i l i z e d  as problem 

inpu t  data f o r  an IBM 7090 procedure w r i t t e n  i n  FORTRAN language. 

While t h e  main purpose of t h e  IBM program was t o  reduce o r  

convert  the measured vol tages  t o  temperatures,  a secondary 

purpose was t o  u t i l i z e  t h e  s o r t i n g  and p r i n t i n g  c a p a b i l i t i e s  

of t he  computer so t h a t  t he  reduced output  data could be p r in t ed  

i n  a form r e a d i l y  adaptable  t o  f i n a l  data r e p o r t i n g  format. 

For t h e  program, the voltage-to-temperature conversion 

func t ion ,  based on the br idge c a l i b r a t i o n  curve f o r  t h e  range 

of f rom -4000F t o  -425OF and on experimental  data ( s e e  Sec. 

B-1.4 below) f o r  higher  temperatures, was cu rve - f i t t ed  w i t h  

s e v e r a l  polynomial and l inear  equat ions-  depending upon t h e  

s i g n  and magnitude of t he  voltages.  During voltage-to-tem- 

pe ra tu re  conversion, t h e  t a p e d  d a t a  were t e s t e d  t o  determine 

the s i g n  ( p o s i t i v e  o r  negat ive b r i d g e  output  vo l t age ) ,  magni- 

tude,  channel o r  thermometer sequence, etc.  Once the  s ign  

and t h e  magnitude of a p a r t i c u l a r  vo l tage  were determined, 

the appropr i a t e  c o e f f i c i e n t s  f o r  that  range of the conversion 

f u n c t i o n  were appl ied  t o  compute t h e  temperature. 

B-1.4 C a l i b r a t i o n  Procedures 

On r e c e i p t  of t h e  thermometers from t h e  vendor, r e s i s t -  



ances were checked at the ice point and at the boiling point 

of nitrogen and found t o  be satisfactory (within the limita- 

tions of available test equipment). The complete system was 

assembled, excluding the thermometers; precision resistors 

of 4.998 - + .OO5 ohms and 2a.025 2 .OO5 ohms were substituted 

in turn for each thermometer; and the bridges were individually 

adjusted to give the desired zero and span. 

Bridge outputs at temperatures above -400°F were deter- 

mined experimentally with precision resistances corresponding 

to thermometer resistances at four temperatures in t h e  rarlge 

of from 32OF to -400°F, 

ullage-gas temperatwe data, 

This information was used in processing 

During the experiment, power-supply voltage, stability, 

amplifier gain and zeroo and system noise were routinely checked 

and monitored . 
B-l ,5  Perfortnance 

Overall measurement accuracy was within the desilaed 

- 9 0.2OF, as indicated by the repeatability shown by compari- 

son of data frcm several thermometers from all experimental 

runs when referenced to existing vapor-pressure data and 

thermometer-bridge calibration accuracies. 

Four thermometer failures occurred; in addition, diffi- 

culty due t o  intermittent response or drift arose with five 

thermometer channels, Three of the failures (Thermometers 

6, 11, and 12) were chdracterized by obviously erroneous out- 
puts at cryogenic temperatures, which were due t o  either changes 

in Bensor characteristics or harness insillation breakdowq 
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inside the tank, One thermometer (No. 20) was broken by 

contact with the vent-pipe inlet, Sampling of Thermometer 

Channels 1, 21, and 30 was intermittent on some runs and 

Channels 4 and 25 drifted excessively on some runs. 

the response of Number 25 was such that it appeared possible 
that the anomalous readings might be due t o  contact with 

the tank wall. Subsequent t o  the experiment, resistances 

of all thermometers except the broken one were the same 

(+ 1 ohm) at room temperature, 

However, 

The thermometers enhibited no apparent radiation damage 

or significant error due t o  radiation heating (see below). 
Maximum exposures received were estimated t o  be 1.3 x 10 8 

r of gamma rays, and 8.6 x 1015 n/crn2 (E > 0.3 mev) of neu- 

trons. Visual examination of the thermometers and harness 

after the experiment showed no serious changes in appearance 

due to environmental conditions. Photographs in Figures 

B-3 and B-4 were made after the experiment. 

sulating tape and polyvinyl-Fiberglas insulating sleeving 

showed no deterioration. Several thermometers, however, 

did have a slight amount of spalling of their ceramic in- 

sulation at the junctures of the lead wires and ceramic 

coating, This effect is barely discernible on the thermometer 

shown in Figure B-4 and probably resulted from a combina- 

tion of stress induced during the mounting of the thermometers 

Fiberglas in- 

and thermal stresses arising during 

sensors were cycled from ambient t o  

temperatures approximately 30 times 
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Self-heating error appeared to be negligible, and exami- 

natiog of the data indicated a possible maximum error due 

to radiation heating and/or localized bulk-temperature anomalies 

of approximately +O,l°F, This estimate is based on the 

relative temperatures indicated by thermometers (at the 

bottom of the dewar and near the liquid surface) on  ins 

where data were obtained with and without the reactor operating 

and with the system vented LO atmosphere in both cases. 

Lead-wire resistance compensation by the bridge units 

was not sat.i.sfacbory and Invalidated the bridge ca1ibrstior.s 

performed by the vendor; this necessitated recalibrat5.cn 

by GD/FW, 

Experience gained during the experiment indicated ?.he 

possibility of improving measurement' accuracy by using the 

dewar system for calibration and by making further reductions 

in system noise, 

the dewar when vented, toget,her with the appropriate use 

of temperature references, woilld permit more ulziform adjust- 

ment of the bridges, prcvided that a comparable reduction 

in system noise can be achieved. 

for maximum bridge oiitput (60 m \ r >  was approximately 120C//l 

with the amplifier and approximately 120/1 without the arnpllfies, 

An aecurazy of - 4- O,l°F appears feasible when similar e q i l p -  

merit is used, w i t h  a possibility of achieving u + .OCj°F, 

B-2 Ambient-Temperature Measurement 

*) 

Apparently, a lack of stratification in 

Signal-to-noise ratio 

B-2,1 Sensors 

Ten iron-constantan thermocouples were used in measuring 
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dewar wall temperatures in order to determine nuclear heating 

rates." 

the experiment. 

The dewar was empty for this particular phase of 

Five of the thermocouples were installed inside the 

dewar on a positioning rig and five other junctions were 

permanently attached to the exterior of the dewar, Attach- 

ment was made with epoxy containing 9% by weight aluminum 

powder filler. In addition, two other junctions were solder- 

attached to the inside of the dewar neck. These two ther- 

mocouples were not used on the nuclear heating test; however, 

they were used to monitor dewar temperature during warmup 

after subsequent cryogenic portions of the experiment. 

Wires from the thermocouples on the positioning rig 

w e  connected to the 22AWG extension-wire leads with dual- 

pin thermocouple connectors. The extension-wire leads were 

routed through a solder-type, feed-through header in the 

dewar lid to a 48-pin0 thermocouple connector on the ther- 

mocouple extension cable. Leads from the five thermocouples 

on the outside of the dewar wall and from Flowmeters 1 and 

3 were also routed through this multi-pin connector to the 

extension cable, 

B-2.2 System 

Thermocouple outputs were recorded on a multipoint 

Brown temperature recorder, using a standard iron-constantan 

chart and scale f o r  the range O-300°F. 

"Two additional thermocouples were used in conjunction 
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B-2.3 Data Processing 

The strip-chart-recorded data were processed manually. 

B-2.4 Calibration Procedures 

All junctions, including those in the flowmeters, were 

matched to obtain uniformity of output (+ - 2OF) over the 
range of from 32O to 150°F, 

was calibrated against a Leeds and Northrup Model 8693 tem- 
perature potentiometer. 

B-2.5 Performance 

After initial installation and checkout at the test 

The multipoint Brown recorder 

site, with all thermometers at ambient temperature (85OF), 

the temperatures indicated for a l l  thermocouples agreed 

to within - + 1°F. 
ment ranged from 70°F to 135OF, 

Temperature measured during the experi- 

On the basis of the calibration and observed perfor- 

mance, the repeatability and measurement accuracies are 

cited as - + 1°F and - + 2OF, respectively. 
B-3 Pressure Measurement 

B-3.1 Sensors 

Provisions were made for monitoring the system (dewar) 
pressure with a pressure transducer and visual gages, The 

pressure transducer (International Resistance Corporation, 

Model 70-2955)  was coupled to the dewar through the dewar 

lid with an impulse line approximately 96 in, long, 
sure in the same impulse line was transmitted through an 

isolation diaphragm t o  an oil-filled line coupled to the 

Pres- 

two visual gages, 

trol room, and the other was located at the LH2 fill station. 

One of the gages was located in the con- 
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The v i s u a l  gages were compound gages w i t h  a range from -30 

i n .  Hg t o  100 ps ig .  

B-3.2 System 

Output of t he  pressure  t ransducer  (0-100 mv, correspond- 

i n g  t o  0-60 p s i g )  was p u t  through a vol tage  d i v i d e r  and 

monitored on a 0-10-mv Brown s t r ip-chart  recorder .  Timing 

information was noted manually on t h e  c h a r t s  during t h e  

tests. 

B-3.3 Data Processing 

Pressures  a t  appropr ia te  t i m e  intervals were picked 

o f f  t h e  c h a r t  records and tabulated and/or r e p l o t t e d  as 

required.  

B-3.4 Cal ibra t ' ion  Procedures 

The pressure  t ransducer  and control-room v i s u a l  gage, 

toge the r  w i t h  t h e  i s o l a t i o n  diaphragm, were c a l i b r a t e d  i n  

t h e  GD/FW Standards Laboratory w i t h  a 100-in. mercury manometer. 

During the  experiment, t he  c a l i b r a t i o n s  were checked against  

p r e c i s i o n  Heise gages w i t h  0-15-psig and 0-100-psig ranges. 

Gage accurac i e s  of 0.3% f u l l  s ca l e  had been e s t ab l i shed  

by t h e  S tanda rds  Laboratory. 

B-3.5 Performance 

Repeated c a l i b r a t i o n  checks ind ica t ed  t h a t  measurements 

near  zero p s i g  (system vented t o  atmosphere) were accu ra t e  

t o  - + 0.25 p s i .  

were accu ra t e  t o  + 8$ of t he  measurement. 

Measurements above atmospheric pressure  

Transducer output proved t o  be excess ive ly  temperature 

dependent and showed considerable h y s t e r e s i s .  
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The fluid coupling with the visual gage proved unsatis- 

factory because of the inertia of the long fluid line. 

During the latter part of the experiment, a 0-100-psig 

Heise gage was mounted on the test setup and coupled t o  

the gas impulse line. 

the closed-circuit TV cameras, and gage readings were noted 

on the pressure transducer recorder chart and used as a 

check during data processing, 

B-4 Flow Measurement 

The gage was monitored with one of 

B-4.1 Meters 

Gross, total hydrogen flow from the system was rr;o-r.ftcred 

with a turbine-type meter (FM-2) located in the vent line, 

Boil-off rates were measured upstream from FM-2 with a large 

positive-displacement-type meter, FM-1, The amount of pres- 

surization gas added to the system was measured with a smallero 

positive-displacement-type meter, FM-3,located in the pres- 

surization control system. In addition, FM-3 was used t o  

measure the boil-off for the ambient heat-leak measurements 

when it.was determined that the sates were t o o  low f o r  FM-1 

t o  be used f o r  this purpose. 

in more detail below, 

These meters are described 

FN-1, a Rockwell Manufacturing Co, (Model 10,000) flow- 

meter, has a maximum rated volumetric flow-rate capacity 

of 10,000 GU f t / h r ,  This type of meter is basically a direct- 

reading volumetric flowmeter; however, for this application 

i t  was modified to put o u t  an electrical impulse signal 

proportional to the mass flow rate, The meter, as purchased, 
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was equipped with a temperature-modulated valve-bellows 

linkage mechanism which corrected gas volume to a base tem- 

perature of 60°F. 

linkage mechanism drove a Rockwell Type I Emcorrector, which 

corrected the volume to a base pressure of 14.7 psia. In 

turn, the pressure- and temperature-corrected index drive 

on the Emcorrector drove an interrupter-switch assembly 

which generated, nominally, one pulse per ten cubic feet, 

corrected to the base pressure and temperature. In addition, 

zr? i r m - c m s t a n t a n  thermocouple YZS Incated in the inlet 

to the meter to permit gas-temperature monitoring. 

The temperature-modulated output of the 

FM-2, a turbine-type flowmeter made by Potter Aero- 

nautical Company (Model 3-57630) has a signal output of' 

approximately 60 pulses per cubic f o o t  of gas. This meter 

was used primarily to monitor the start of LH2 flow and 

flow-rate stability, since the temperature and inlet specific 

volume of the gasified H2 varied as a flow test proceeded. 

FM-3, A Rockwell Manufacturing Co., (Model 1600, 1600 

cfh capacity) flowmeter, is similar to FM-1. However, the 

output signal is not directly proportional to mass flow. 

Inlet gas temperature and pressure were recorded for later 

conversion of the data to mass flow. The meter was modified 

by GD/FW t o  obtain a signal for remote recording. 

gas temperature was monitored withan iron-constantan ther- 

mocouple. One lead from the thermocouple was routed through 

a normally closed switch located inside the meter. The 

switch was opened each time the bellows expanded in the 

Inlet 
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meter, The gas temperature and flow s i g n a l  were thereby 

recorded on the same recorder .  

B-4.2 System 

FM-1. Output pu lses  from the  meter were recorded on 

a s t r i p  c h a r t ,  Tota l  flow during a t e s t  run  was d i r e c t l y  

propor t iona l  t o  t he  number of pu l se s  recorded, 

a t  a p a r t i c u l a r  time was ind ica t ed  by the  pulse  r e p e t i t i o n  

rate on the  cha r t .  I n l e t  gas temperature was recorded on 

a Brown temperature recorder .  

Flow rate 

- FM-20 Output pu lses  were f e d  i n t o  an a m p l i f i e r  and 

then t o  a r a t e  meter whose dc output  was recorded on a s t r i p  

c h a r t ,  

FM-3. A s  noted above, t h e  meter modulated the  i . n l e t  

gas temperature s i g n a l  a t  a r a t e  p ropor t iona l  t o  flow, 

The s igna l  was recorded on a Brown temperature recorder .  

B-4.3 Data Process in6  

The s t r i p - c h a r t  records were processed manually. The 

pulse  r e p e t i t i o n  rates obtained from FM-1 were mul t ip l i ed  

by 14.7 (see Sect ion B-'!.4 below) t o  ob ta in  cubic f e e t  per 

minute ( a t  14.7 p s i a ,  60°F). These va lues  were i n  t u r n  

corrected t o  32'F t o  ob ta in  flow rates i n  terms of" s tandard 

cubic  f e e t  pe r  minute, 

The FM-2 data were not  prccessed, s ince  the vent-s tack 

flow r a t e  was a c o n t r o l  parameter, 

The FM-3 data were converted t o  s tandard condi t ions  

6 I k 7  psia, 32OF) us ing  the  appropr i a t e  temperature and 

pressure data, 



B-4.4 Calibration Procedures 

FM-1 and FM-3 were calibrated by the manufacturer prior 

to the test. FM-2 was not calibrated, since it was not 

to be used for quantitative measurements. 

Subsequent to the experiment, correlation tests were 

run between FM-1 and FM-3 with the meters in series, and 

FM-3 was calibrated with a Rockwell Manufacturing Co. Flow 

Prover. FM-1 was not checked because of a thread insert 

failure which occurred in the outlet from the meter body when 

being prepared  for calibration, The FM-3 calibration showed 

the meter to read high by 1.1to 0.8% over the range in 

which the meter was used d u r i n g  the experiment (500 to 1800 

cfh) . 
The correlation tests showed deviations of less than 

5% between FM-3 and the visual, non-pressure-corrected index 

on FM-1. However, the pressure-corrected index and electrical 

output from FM-1 was approximately 32% low. 

the readout assembly (Rockwell Emcorrector with Cryenco 

switch-interrupter assembly) was removed from FM-1, and 

the mechanism was driven manually to determine the effects 

of the loading imposed by the switch-interrupter assembly. 

If the non-pressure-corrected index is called 11 and the 

pressure-corrected index, 12 (to which the switch was coupled), 

it was found that the switch would no t  actuate consistently 

when the loading imposed was less than that for which a 

ratio of I& = 1.22 was obtained and that the mechanism 

would jam when the loading was greater than that which produced 

Subsequently, 
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a ratio of 11/12 = le@* 

approximately equal to the value obtained during the correla- 

tion tests, 1,47. The latter value was used, albeit somewhat 

The mean of these values, 1.45, is 

arbitrarily, in arriving at a modified pulse-to-cubic-foot 

conversion factor for the FM-1 data. Instead of a conversion 

factor of 10 cu ft per pulse, which was the designed factor, 

a conversion factor of 10 x 1.47 = 14,7 cu ft per pulse was 
used in processing the data, The possible variation, as in- 

dicated by the results discussed above, is from -2.5 to +2,0 

cu ft per pulse, or from -17 to +13.5%0 The overall accuracy 

of the conversion factor was taken to be - + 17%. 

B-4.5 Performance 

As discussed in the preceding sectiono difficulties with 

the readout system on FM-1 necessitated placement of limita- 

tions of - + 17% on the flow measured with that meter, Taking 

into consideration other possible errors (reactor power level, 

pressure tflcasurp-cnt, c t c  e ) t h e  o v e r a l l  accuracy of iiie b o i l -  

off (heating) values calculated from the flow data is estimated 

to be - + 25$e 

Pressurization gas utilization, as measured with FM-3, 

is conservatively estimated t o  be accurate to within f. 5$, 
the primary source of error being due to pressure regulator 

instability during the initial pressurization of the system 

preceding the flow runs. No difficulty was experienced with 

either the meter or the readout system. 

Note t h a t  because of the low flow rates and the high 

capacity of FM-1, the system was temporarily re-plumbed during 



the experiment so that zero power level (reactor) boil-off 

flow rates could be measured with FM-3. 

FM-2 performed satisfactorily, However, more precise in- 

formation was obtained from liquid-level-detector and ther- 

mometer data correlated to liquid volume, This turbine meter 

was used primarily to monitor variation in flow rate, 

B-5 Liquid-Level Measurement 

B-5.1 Sensors 

Liquid-hydrogen level in the dewar was detected with 

t e n  6,8=!c~hml, I , ~ - E  carhnn resistors Se l f -hea t ing  w a s  

the least and resistance the highest when the resistors were 

submerged in the liquid. The sensors were installed on the 

thermometer positioning rig, as shown in Figure B-4, at posi- 

tions indicated in Figure 2.3-1 and listed in Table 2.3-1. 

B-5.2 System 

A simplified circuit diagram is shown in Figure B-6. 

Current through the resistors was monitored with ten 0-200 

microammeters located at the control console and five similar 

meters located at the LH2 fill station, 

B-5.3 Data Processing 

The liquid-level detection system was used primarily for 

control purposes and, except for cases where the data supplements 

the available information obtained from the thermometer data on 

liquid level, has not been reported. Information on liquid-level 

versus time for the flow runs was obtained f rom t h e  thermometer 

data in the following manner: (1) time correlation was estab- 

lished between the thermometer strip-chart records and the 
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data recorded with the Digital Data System ( 2 )  a temperature 

scale was arrived at for each chart record, and (3) the time 
at which a thermometer registered a temperature correspending 

to the saturated vapor temperature was determined from the 

chart and specified as the time at which the liquid surface 

was level with the particular thermometer. 

B-5.4 Calibration Procedure 

Supply voltage to the system was adjusted f o r  full-scale 

meter deflection (200 pa) with the sensors at or near ambient 

during dewar cool-down, and the current would abruptly drop 

t o  50 pa upon submersion in LH2. 
B-5.5 Performance 

As noted previously, the liquid-level detection system 

was used for control purposes, Performance as such was satis- 

factory. However, f o r  future t e s t s  of this type it is recom- 

mended that the system output be coupled t o  an-event recorder 

in order t o  obtain a precise record of the liquid level as 

a function of time, which would be immediately available after 

the run. Such information is available from the thermometer 

data only after extensive processing. 

The accuracy with which liquid-level-time determinations 

were made from the thermometer data for the flow runs was af- 

fected by (1) thermometer system response time, (2 )  the accuracy 

with which the strip-chart curves could be temperature indexed, 

and (3) the accuracy with which the strip-chart curves could 

be the indexed. The controlling factor was the last, since 
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thermometer system responses of the order of lOoR in 0.1 min. 

were common on the high-flow-rate runs and the slopes of the 

temperature curves near the saturation temperatures were such 

that the liquid-level-time determinations were relatively in- 

sensitive to errors in temperature determinations, Strip-chart 

and digital-system data were correlated to within one-half 

of a sampling period, or rf 0.16 minute. 
level and volume at a specified time, the uncertainty is 

In terms of liquid 

0.6 in. and f 2.2 gal in the cylindrical portion of the tank, 

B-6 Radiation-Intensity Measurement 

The radiation detectors used in the liquid hydrogen were 

all of the integrating type and were chosen f o r  their compati- 

bility with the cryogenic environment. 

B-6.1 Gamma Rays 

Cobalt-glass dosimeters were used for gama-ray detection. 

The glass was supplied by Bausch and Lomb in approximately 

19/32- by 1/4-in. rectangular pices 1/16-in.-thick. 

of glass was placed in a box of 1/16-in.-thi~k walls composed 

of boron-10 and an epoxy binder, These boxes served as low- 

Each piece 

energy neutron filters and, thus, virtually eliminated any 

neutron effects in the readings of the dosimeters, The gamma 

dose was measured by the intenszty of discoloration of the 

cobalt-glass caused by gamma rays., The discoloration int.ensity 

was determined by measuring the transmission of wave l engths  

of 390 and 470 mv with a spectrophotometer before and after 
exposure of the glass to radiation, Calibration of this type 

dosimeter was performed with a l.5-k~ cobalt-60 gamma source, 

CalibFation curves were obtained at 93OF and -320°F, The two 
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curves differed only slightly, with a maximum difference of 

the order of 1%. Although the calibration of  the dosimeters 

does not appear to be highly temperature sensitive, the cali- 

bration curve obtained at -320°F was used for the dosimeters 

exposed in liquid hydrogen, 

The reproducibility of the gamma measurements was of the 

order of + 5$, and the accuracy of the measurements is believed - 
t o  be about + 1%. 

B-6.2 Neutrons 

The neutron-flux distributions were measured with radio- 

activants. Radioactivants have long been used to obtain neutron 

flux measurements and are considered to have an accuracy of 

the order of + 2%. The thermal-neutron flux was measured 

by the cadmium-difference technique, The thermal, or sub-cadmium, 
- 

flux includes neutrons with energies below 0.48 ev., the approxi- 

mate cadmium-cutoff energy for 20-mil cadmium. Gold foils 

were used as the thermal-neutron detectors. Copper wires were 

also used t o  map thermal-neutron profiles in the liquid hydrogen. 

The magnitudes of the profiles were normalized to the gold-foil 

measurements. 

No temperature corrections were made on the cross sections 

used in reducing the gold-foil data. What error this might 

introduce in the magnitude of the thermal-neutron flux measure- 

ments cannot be estimated at this time. 

The fast-neutron flux measurements were made with sulfur, 



aluminum, and magnesium by utilizing the threshold-type nuclear 

reactions of each element, These reactions and the approxi- 

mate effective threshold of each are given below: 

React ion T n  

Mg24 (n, p )Na24 7.5 
A 1 2 7 (  n,a)Na 24 8, l  

sq . ,  p)P32 2.9 

Although tests indicated that the cryogenic environment 

produced no adverse physical effects on the pressed sulfur 

pellets, the pellets were wrapped in aluminum f o i l  as a pre- 

cautionary measure in the event of shattering or crumbling 

of the pelle,t, 

After irradiation, all the radioactivants were processed 

and counted in the semiautomated counting room. The countfng 

data, radiation-exposu-re data, and detector-location data were 

processed by a computer program which resulted in a tabulation 

of the neutron flux for each detector position, Further details 

of the computer program, detectors, calibration procedures, 

and techniques used in conjunction with radioactivants as neutron 

detectors are given in Reference 80 



APPENDIX C 

NUCLEAR ANALYSES METHODS 

In this appendix the methods and assumptions used in 

performing the nuclear analyses calculations with the C-17 

and COHORT codes are discussed, Complete descriptions of 

the codes are given in References 1 and 6. 

C-1 Methods of C-17 Calculations 

The C-17 code, a shield penetration program for calculating 

a modified gamma spectrum, is based on the differential energy 

spectra obtained by a moments-method solution of the Boltzmann 

transport equation (Ref. 9 ) .  The fast-neutron portion of the 

program yields a spectrum that is based upon differential 

energy spectra calculated by the Nuclear Development Corpora- 

tion of America (NDA) f o r  a point-isotropic fission source in 

an infinite medium, The fast-neutron results for this analysis 

were from an NDA calculation representing a moments-method 

solution of the Boltzmann transport equation for water (Ref. 

10) 

For these calculations, the source of nuclear environ- 

ment, the ASTR, is represented by a total of 126 source points, 

each of which corresponds t o  a certain volume element of the 

core and the power distribution applied thereto. The total 

power of the reactor core was normalized to one watt for use 

in the computer program, 

A diagram of the calculational model used for the C-17 

calculations is shown in Figure C-1, Certain geometric limi- 

tations on the description of various regions were encountered 
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Figure C-1 C-17 Calculational Model: Configuration 1 
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i n  t he  c a l c u l a t i o n a l  model employed i n  t h e  s h i e l d  pene t r a t ion  

program, S p e c i f i c a l l y ,  any region which i s  represented as a 

s o l i d  of revolu t ion  must have as i t s  a x i s  of r evo lu t ion  t h e  

x-axis  i n  a Car tes ian  coordinate system. I n  view of t h i s ,  i t  

i s  r e a d i l y  seen t h a t  some c y l i n d r i c a l  reg ions  ex i s t ed  which 

were not adaptable  t o  t h i s  type  of geometric d e f i n i t i o n .  For t he  

c a l c u l a t i o n a l  model, t h e  regions of d i f f e r e n t  m a t e r i a l s  were 

def ined as p r e c i s e l y  as possible.  However, i n  some ins tances ,  

i t  w a s  necessary t o  approximate some curved su r faces  by a 

number of planes.  The conical,  o r  bottom, por t ion  d' the dewar 

was represented by  a s e r i e s  of frusta of cwes .  Fer  simpli- 

f i c a t i o n  i n  def in ing  a ca l cu la t iona l  model, t h e  a x i s  o r  cen te r -  

l i n e  of the  dewar was chosen a s  the  x-axis w i t h  d e t e c t o r  

l oca t ions ,  e t c ,  being referenced the re to .  For convenience, 

t he  coord ina te  system had as i t s  o r i g i n  the  bottom of the  i n -  

s i d e  of the  dewar ( o r  a zero l i q u i d  l e v e l ) ,  

Detector l o c a t i o n s  f o r  which t h e  c a l c u l a t i o n s  were made 

were s i t u a t e d  i n  t h e  x,y plane. Although exac t  symmetry d i d  

no t  exist  i n  the  t e s t  geometry f o r  t h e  x,y and x,z planes,  

s e v e r a l  c a l c u l a t i o n s  were made t o  determine the  v a r i a t i o n  

of dose r a t e  i n  the  two planes. The d i f f e r e n c e  was extremely 

small, and the  assumption was made t h a t  the  system was sym- 

m e t r i c a l  i n  t he  two planes,  Thus, t h e  x,y-plane was chosen 

a r b i t r a r i l y  as t h e  plane i n  which t o  make the  ca l cu la t ions .  

The d e t e c t o r  l o c a t i o n s  were se lec ted  so  that  they would y i e l d  

a well-defined nuc lear  map within t h e  l i q u i d  hydrogen. I n  

some ins tances ,  i t  was necessary t o  c ross -p lo t  and/or i n t e r -  



po la t e  the  ca l cu la t ed  data i n  order to ob ta in  a d i r e c t  corn- 

pa-pisofi bzrith measured data, 

The ca l cu la t ed  gamma t o t a l  dose r a t e s  c o n s i s t  of s e v e r a l  

components considered t o  be t h e  most  probable c o n t r i b u t o r s  t o  

the i,(1!,31, Ii i s  believed t h a t  t h e  major sources  of secondary 

S a m m y  vrcre invL?s t iga6ed  * L  Soole of t h e  SOUPCCS cons ide red  yielded 

rcsiilts of n e g l i g i b l e  Zmportanee, 

The primary-gamma dose ra te  i s  t h a t  r e s u l t i n g  from the  

gamma-leakage flux from the reactor. This leakage flux I s  due 

t o  the prompt-fisaion and deoay gammas i n  the f u e l  and t o  the  

radiat ive oagture and inelastlo m a t t e r i n g  of neutrons whioh 

oaaur In  a l l  materials in the reaotor-oore atruoture. 
Seoondary gamma rays are oonsidered t o  be those produoed by 

means of r a d i a t i v e  oapture o f  thermal neutrons and Ine l a s t i c  
soat ter ing of fast neutrons In materiala outside of the  reaotor 
oore. 

t h i s  analysis were the l iquid hydrogen and t h e  s ta in less -s tee l  

The oapture-gamma souroe materials investigated f o r  

reaotor pressure veaael fer both  oonfigurations. 

$he oapturea produoed i n  the four Inohes of water i n  Configurntion 

In  addition, 

2 were, inaluded, The only aourpoe oonsidered f o r  the produo- 

t i on  of gamma8 by mean8 of finelastio m a t t e r i n g  of f a a t  neutrons 
w 1 8  the i ron in the 8taltIlem-8teel p~esrrure veaael around the 

ASTR. 

The the-1- m d  Fast-neutron fluxes employed in the aal- 

eul;at&on of aeoondary g a m  ray8 produoed i n  the s ta inless-  
a t e e l  pmasure vemel  and in the aurroundfing water for Cotl- 

f igura t ion  w e n  obtafined Prom 8, neutron sap made of the ASrPR 



pressure  ves se l  p r i o r  t o  t h i s  experiment. T h i s  p a r t i c u l a r  map 

was made w i t h  t h e  ASTR completely submerged, so  t ha t  the  water 

appears  as a n  i n f i n i t e  medium, Thus, t h e  ca l cu la t ed  f l u x e s  

r ep resen t  perhaps more r e a l i s t i c a l l y  the  Configuration 2 geom- 

e t r y  ( 4  i n .  of a d d i t i o n a l  water ou t s ide  t h e  pressure  v e s s e l )  

than the  Configuration 1 geometry. From these  f l u x e s  measured 

on t h e  su r face  of the  ASTR pressure ves se l ,  f l u x e s  were ob- 

t a ined  by exponent ia l  a t t enua t ion  a t  the  p o i n t s  of i n t e r e s t  

(source-point  l o c a t i o n s )  i n  the s t e e l  and water. 

To compute the  i n t e n s i t i e s  of t h e  secondary gamma sources 

i n  a p a r t i c u l a r  medium due t o  neutron capture  in,?) o r  neutron 

i n e l a s t i c  s c a t t e r i n g  (n ,  n t )  reac t ions ,  an  elemental  volume 

was chosen which was represented by a s p e c i f i c  source-point 

l oca t ion .  The i n t e n s i t y  of  each source p o i n t  was then com- 

puted f rom 

source s t r e n g t h  = VXa 

where V = volume assoc ia ted  wi th  a p a r t i c u l a r  source poin t ,  

C = capture  o r  i n e l a s t i c  c r o s s  sec t ions ,  and  

@ = thermal- or fast -neutron f l u x  (n/cm2-sec) a t  the  
poin t  of i n t e r e s t .  

Once the  source s t rengths  were computed, they became 

source terms f o r  t he  computer program (C-17) and, w i t h  t h e  

appropr i a t e  gamma input  spectrum f o r  t he  secondary event under 

cons idera t ion ,  the i r  cont r ibu t ion  t o  t h e  gamma dose r a t e  i n  

t h e  liquid-hydrogen was ca lcu la ted .  

The C - 1 7  code computes the gamma hea t  genera t ion  r a t e  

Qy(??) a t  a poin t  r from t h e  equation 



I where K = conversion cons tan t ;  

Ernin = minimum photon energy i n  t h e  spectrum; 

Emax = maximum photon energy; 

pa(Ey) = energy absorp t ion  c o e f f i c i e n t  f o r  t he  r eac t ion ,  
defined as t h a t  f r a c t i o n  of the i nc iden t  photon 
energy which i s  d i s s i p a t e d  as heat p e r  u n i t  l eng th  
( i t  i s  a func t ion  of t h e  ma te r i a l ,  type of r eac t ion ,  
and photon energy); 

S (E,,'E;)= gamma spectrum a t  the  poin t ;  and 
'y 

=photon energy (MeV), 

The gamma energy absorp t ion  c o e f f i c i e n t s  pa(E ) are  def ined ,Y 
as 

where w(Ey) = t o t a l  l i n e a r  absorp t ion  c o e f f i c i e n t  and 

vcs(  E y ) = Compton s c a t t e r i n g  c o e f f i c i e n t .  

A similar equation can be w r i t t e n  f o r  t h e  c a l c u l a t i o n  of 

energy deposi t ion by neutrons.  The energy absorp t ion  c o e f f i -  

c i e n t  of t h e  gamma energy depos i t i on  equation need only be 

changed t o  some func t ion  H(En),  which involves  the  c ros s  s e c t i o n  

f o r  a given neutron r e a c t i o n  and t h e  energy d i s s i p a t e d  as heat 

by the  reac t ion .  E l a s t i c ,  i n e l a s t i c ,  and charged-par t ic le  

r eac t ions  a r e  considered i n  t h e  C-17 neutron energy depos i t i on ,  

C-2  Methods of COHORT Calcula t ions  

The o r i g i n a l  approach of the a n a l y s i s  u t i l i z i n g  t h e  COHORT 

Monte Carlo procediires was t o  d iv ide  the  a n a l y s i s  i n t o  two p a r t s  

because of the  double symmetry of t h e  experimental. conf igura t ion  

and t h e  l i m i t a t i o n  of 50 material reg ions  t o  descr ibe  t h e  



geometry. The f i r s t  p a r t  of the a n a l y s i s  was devoted t o  t h e  

ASTR and was t o  generate  a source plane t o  be  used i n  t he  second 

p a r t  of t he  a n a l y s i s .  The second p a r t  of t he  a n a l y s i s  w a s  con- 

cerned w i t h  the nuc lear  energy depos i t ion  r a t e s  i n  the  l i q u i d  

hydrogen. 

As i t  became apparent t ha t  considerable  computer time 

would be required t o  generate a source plane f r e e  from l a r g e  

s t a t i s t i c a l  fluctuations, t h e  o r i g i n a l  approach was abandoned. 

Ins tead ,  the  measured r ad ia t ion  d i s t r i b u t i o n s  on the  bottom 

of t h e  dewar were used t o  generate a source plane r a t h e r  than 

t o  c a l c u l a t e  one, and f i s s i o n  neutron and gamma s p e c t r a  w i t h  

i s o t r o p i c  angular  d i s t r i b u t i o n s  were assumed, Emphasis was 

then placed on c a l c u l a t i n g  the nuc lea r  energy depos i t i on  r a t e s  

i n  t h e  liquid-hydrogen regions.  

The geometry desc r ip t ion  of t h e  conf igura t ion  cons is ted  of 

s u r f a c e s  of revolu t ion  symmetrical about t h e  z-axis and planes 

perpendicular  t o  the  z-axis. The a x i s  defined as the  z-axis  

for t h e  COHORT a n a l y s i s  i s  r e fe r r ed  t o  as the  x-axis i n  a l l  

o t h e r  d i scuss ions  of t h i s  repor t .  A s  ind ica ted  i n  Figure C - 2 ,  

t h e  con ica l  bottom of the  liquid-hydrogen tank w a s  approximated 

by a parabaloid.  For t h e  ca l cu la t ion  of energy depos i t ion  at 

d i f f e r e n t  l e v e l s  of hydrogen i n  t h e  tank, the tank was divided 

i n t o  seven d i f f e r e n t  regions.  The geometry desc r ib ing  t h e  

liquid-hydrogen t ank  configurat ion included 42 reg ions  bounded 

by 43 boundaries,  The mater ia l s  making up the  geometry de -  

s c r i p t i o n  were water,  i ron ,  aluminum, and hydrogen. Total ,  

s c a t t e r i n g ,  and e l a s t i c  cross  s e c t i o n s  f o r  neutrons and t o t a l ,  
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pair-product ion p lus  Compton, and Compton c r o s s  s e c t i o n s  f o r  

gamma rays were tabula ted  f o r  each element. The neutron c r o s s  

s e c t i o n s  were tabula ted  f o r  energies  ranging from 0.2 t o  10 MeV,  

and gamma-ray c ross  sec t ions  were t abu la t ed  f o r  ene rg ie s  rang- 

i n g  from0.85 t o  10 MeV. Neutron cross -sec t ion  data f o r  i r o n ,  

oxygen, and aluminum were obtained from Reference 11. Hydrogen 

and uranium data were obtained from Reference 12. The 

Legendre expansion c o e f f i c i e n t s  f o r  t h e  angular  d i s t r i b u t i o n s  

of e l a s t i c a l l y  s c a t t e r e d  neutrons were taken from Reference 11 

and adapted t o  the  requi red  COHORT input .  The gamma cross-  

s e c t i o n  data were taken from Reference 9. 

No secondary-gamma ca lcu la t ions  were made i n  t h i s  a n a l y s i s .  

Since the  measured r a d i a t i o n  i n t e n s i t i e s  a t  the  bottom of t h e  

dewar were used as t h e  source term, only the  liquid-hydrogen 

secondaries  t h a t  were not  considered i n  t h i s  a n a l y s i s  were 

included i n  the  C - 1 7  ana lys i s .  The C-17 a n a l y s i s  ind ica ted  

that  these cont r ibu ted  only about 2 o r  3% of t h e  total heat ing.  

I n  the  process  of performing these  ca l cu la t ions ,  a new 

COHORT procedure was developed. The purpose of the  procedure 

i s  t o  c a l c u l a t e  direct-beam f lux  a t  d e t e c t o r  p o i n t s  and t o  

search  through t h e  COHORT geometry inpu t  f o r  poss ib l e  e r r o r s .  
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